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FOREWORD

The work described in this document was performed at the
Nuclear Aerospace Research Facility (NARF) of the Fort worth
Division of General Dynamics for the Space Nuclear Propulsion
Office, Clevelarnd, Ohio (SNPO-C) under Statement of Work No. 6
(Attachment J), Contract AF29(601)-7077, S& No. 10.

This test was perforaed to support the Transducer Irradiation
Experiment sporsored by the Aercjet-General Corporation, Sacramento,
California. TlLe transducer experiment was one of a series of NERVA
irradiation tests performed st NARF and was the first to be con-
ducted in th= In-Pile Tube of the Aerospace Systems Test Reactor.
The results cf the transducer test will be reported in GD Fort
Worth Division Repert FZR-344.

The authors wish to acknowliedge the contribution of W. E. Dungan
for the corputatior of thc neutron spectrum.
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SUMMARY

The core of the 10-MJ Aercspace Systems Test keactor has been
modified to provide an in-core irradiaticn facility. This
facilicty consists c¢f a tube with an inside diameter of 3.75 in.
This in-pile tube oc:upies a former fuel-element position near the
center of the core and extends completely through the core. It
is plugged at ore end and extends through the forward pressure
plate of the reactor. The tube is completely sealed so as to pro-
vide a dry irradiation volume in the high-fiux region within the
reactor ccre.

To provide data on the radiaticn field within the in-pile
tubte for use in plamning radiation-effects experiments, an exten-
sive mapping of the neutron and gamma-ray €£izlds has been conducted.
The primary effort was the axial mapping of the heating rate Ly
means of a pedestal-type aluminum calorimeter. Additional data on
the gamma field were obtained by means of a 4-cc ion chamber and
gamma dosimeters (cobalt giass and thermoluminescent). Neutron
fluxes were measured with foils of various types.

Data were obtained with the calcorimeter at severai reactor
power levels ranging from 0.273 to €.78 MW; corresponding differen-
cial temperatures measured acrcss the stem of the calorimeter
ranged from 4.:3 to 93.337:. A set of profile measurements was
bbtained at 1.89 MW by pesitivning the calc:imeter by means of a
traversinrg mechanism} at varicus locations over the length (24 in.)
of the core. The maximum meesured heating rate in the aluminum
calorimeter was found to te 0.265 W/g AL-MW at a pcint approximately
2 in. above the center of the core. The corresponding computed
heating rate in carton is 0.283 W/g C-MWw. The estinated uncertainty
is 3.6%Z at the 957 confidence level.

The ior chamber was used tc measure the gamma dose rate
at a number of power levels from zero toc 165 kW; an accurate
profile was obtained by traversing the detector through tne core
several times at each power level. After making 2 small correction
for the neutron contribution, the maximm dose rate in the in-pile
tube (2 ip. above the center of the ccre; was found to be
1.10 x 10° R/h-MW, with an estimated uncertainty cf 11.3% at the
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95% confidence level. Conversiuii 2f che heating rates measured
with the calorimeter to dose rates resulted in values in close
agreement with the ion-chamber data.

Foils and/or gamma dosimeters were irradiated at power levels
of zero, 44.5 W, 455 W, and 1.65 KW (3 irradiations). The gamms
dose rates obtained from cobalt glass are in reasonable agreement
with che ion-chamber values. Thermoluminescent dosimeters - which
were provided, read-out, and the data analyzed by Aercjet-General
Corporation - gave results somewhat higher than the other methods.

The maximum fast-neutron flux measured with sulfur pellets
is 1.36 x 1012 n/cm2-sec-MW; conversion to flux above 1 MeV gives
3.8 x 1012 n/cn?-sec-Mi. The peak thermal-neutron flux is 5.5 x 10
n/cm?-sec-MW.

12

An extensive theoretical development for the calorimeter is
presented, along with an analysis of the heat losses and the
calibration of the calorimeter with an electric heater. The ex-
perimental apparatus and procedures are detailed.
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2. 1INTRCDUCTIO®N

The ccre cf the Aercspace Systems Test Reactor (ASTR: has
beer modified by the installation of an in-pile-tube irradia-
tion faci® ¢y. This tube cccupies a former fuel-element pesi-
tica ncar the cernter cf the ccre and extends completely through
rae reactor core, terminating satside the reactor pressure
vessel. Access to the tube is easiiy gained, either by use of
a clamp-on extension tube or bty zemoval and re-insertiom of
the in-pile tube in a simple mechanical operation.

The ASTR is a3 i10-MW, water-moderated veactor located at
the Nuclear Aercspace Research Facility operated by the Fort
Wcsth Division of General Dynamics. The ASTR is used in radiatiom-
effects and shielding experiments in support of various goverrment-
sponscred przgrams. One cf these experiments involved the
irradiaticn of pressure transducers of the type used on the
XE-1 nozzle cf the NERVA engine (Ref. 1); the in-pile tube was
used for this test.

The successfu: performance of the cransducer irradiation
test required accurate knowledge of the nuclear heating rate
within the in-pile tvbe. BRecause this radiation field had not
been extensively mapped, an experiment was planned for the pur-
pose of measuring not cnly the heating rate but the neutrom
and gamma-ray fields as weil. Although the primary purpose of
the mapping experiment was ts obtain data needed for the trans-
ducer test, it was aiso desirable to obtain data of general
applicability tc any irradiation tests to be performed 1n the
in-pile tube. 7To aclkieve these objectives, the mapping experi-
ment was divided into thiece main parts:

1. Spatial mapping witk foils and gamra dosimeters.

2. 2xiai mapping cf the gamma dcse rate with a 4-cc
carbon ion chamber.

3. Axial mapping cf the nuclear heating rate with an
aluminum calorimeter.

Experimenta. conditions were adjusted to meet the require-
ments of the variocus detectors used. Six irradiations, at a
maximum power level of 1.65 kW, were made to complete the



spactial mapping; one irradiation, at power levels from 0 to
165 kif, was made tc perform the axial wapping with the ion
chamber; and one ‘rradiation, st power levels from 286 ki to

7 Wi, wvas madc to obtain the heating rate with the calorimeter.

Aerojet Gemera! Corporation; Sacramentc, California, as
sponsor of the transducer irradiation test, participated in
the mapping experiments by providing a large number of gamma
dosimeters (mostly of the thermcluminescent type). These
dosimeters were returmed to AGC for readout and dsta reduction
and anilysis. Only that portion of the AGC data pertaining
directly to the experiment objectives are presented in this
report, i.e., gamma doses; details concerning the readout of
the dosimeters and the analysis cf the data will be reported
by AGC.

In addition to discussing the experimental procedures and
presenting thte results of the messurements, the errors in the
measuresents are analyzed, and the gamaa dose, gamma dose rate,
and heating-rate measurements arc correlated. DPita presenta-
tion includes plots of the spatiasl distribution of the radia-
tion field of the ASTR in-pile tube.



2. METHODS

2.1 Calorimeter

The pedestal-type calorimeter shown in Figure 1 is ome
of the devices used to measure the radiation field in the
ASTR core. By measuring the steady-state temperature differen-
tial between two points near the ends of the stem, one can
caiculate t._: heating rate associated with this temperature
difference and, from this, calculate the gamma dose rate.

The calorimeter was designed to pr:duce large temverature
differences over short path lengths, resulting in greater
accuracy of measurewment, particularly at low heating rates.

The calorimeter is wmade of aluminum and consists, essentially,
of a target (bob), a stex, and a heat sink. The entire probe
is enclosed in a thin-walled aluminum dome evacuated to a pres-
sure of about 30 microms. The rarefied air surrounding the
probe virtually eliminates heat losses through air convection
and rconductior.

I1f radiation losses are disregarded for the moment, all
heat generated in the probe at thermal equilibr’-m will essen-
tially be lost through one-dimensional heat flow along the stem
of tne probe. This heat loss can be calcmlated very accurately
for high-purity 2S aluminum, which has 2 e«latively constant
thermal conductivity of k = 0.57 cal/cm-sec-°C from 0° to 300°C
(Ref. 2). Heat probes similar to this one have been success-
fully used to measure »igh dose rates in nuclear reactors
(Ref. 3).

2.1.1 Theory

Assuming that the penetrating radiation in the reactor
will produce heat uniformly throughout the small probe at a
rate of q cal/cm3-sec, one can write the steady-state tempera-
ture equation for one-dimensional heat flow (Ref. 4) along the
stem of the probe as

2
g--+ W
dx
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Now if the thermocoupies are separated by a distance of L any-
where along the stem of the probe having a cross-sectional

area A, and if V' is the volume of aluminum (upstream from x = 0)
from which heat will fiow through the volume V = LA between the
thermocouples, then the boundary conditions for solving Equation 1
are:

T(x} + Ty atx=20

I(x; =T, at x =1
(2)

!

\'J dT
A dx [x=0

wvhere @ is the flux of heat into the end of the stem at x = 0
due to nuclecr heating in the vclume V°©.

As shown in Appendix A, the sclution of the boundary-value
provlem above gives the relationship between the heating rate per
unit voiume, q, and the temperature differential, AT, between
the thermocouples or the stem of the probe. This relaticnship is

- 2kA _ AT
q L V'V 3)

Using the dimensions given in Figure i {(which were measured to the
nearest C.CCl1 in. on a traveling microscope;, one cbrains the
following values:

Vo= 1.262 cx’ A = 0.0979 cml

V = 0.282 ca’ L=~1.862 cx
Substitution of these values into Equation 3 yields

q = 1.156 T x 1072 :ai/cm3-sec %)

where AT is in OF in all equations that follow and k is in com-
patible units.

The nuclear hesting rate per unit mass, q%, vhich is found
by dividing Equgtion 4 ty the density cf the aluminum probe
(o= 2.71 g/cm’}, {is



q* = 4.23 AT x 10-3 cal/g Al-sec
, (5)
= 1.77 AT x 107¢ watt/g Al

This gives the actual heating rate per gram of aluminum in the
probe. However, it is conventional to refer energy absorptions
in all materials to an equivalent absorption in a carbon stan-
dard. 1If it is assumed that the entire heating rate above is

due to gamma rays, as most of it will be, and that the gamri
energy absorbed per target electron is the same for a gram of
aluainum and carbon, then the ratic of the atomic number over the
atomic mass for carbon and aluminum gives an equivalence of

1 watt/g A1 = 1.038 watt /g C

Hence, the gamma heating rate per grau is about the same fcr
aluminum and carbon, and as a first approximation the nuclear
heating rate of Equation 5 for aluminum will convert into a
carbon rate of

q: = 1.84 AT x 10-2 watt/g C (6)
where AT is still measured in °F on the aluminum probe.

In order to obtain direct comparisons with the ion chamber
and other measurements, q* can be converted into a gamma dose
rate in roentgen per hour through the equivalence of

1 cal/g Al-sec = 1.782 x 10° R/h

i1f cne assumes that a dosage of 1 R+1s equivalent to the absorp-
tion of 87.6 args of gamaz energy in a gram of air, regardless
of the energy of the gamusas invouived, and cthat the energy
absorbed per targe: electron is the same for air and aluminum.
Here, the ratioc of ihe atomic number over the atonic mass for
aluminum and air gives an electron per gram ratio of 0.965 to
make 1 R equivalent to an energy absorption of 84.5 ergs/g of
aluminum or 87 .7 ergs/g of carbon. Hence, again considering
heating in the reactor to be due exclusively to gammas, q* in
terms of dose rate is

qq = 7.54 AT x 10% R/h %)



This equation gives the gamma dose rate for a giver reactor
power in terms of the measured temperature difference in °F
between thermocouoles on the stem of the calorimeter grobe when
ar. equilibrium condition has been reached in which tewmperatures
are not varying with time. If one assumss that steady-state con-
ditions are essentially satisfied when AT reaches 997 of its
infinite-time value, then (as derived in Appendix A) the time
required to approach equilibrium wiil be given by

- €, AT .

t = - 1In(0.01) - 139 sec = 2.3 min
¥ -

:“ \(
where C_ = 0.23 cal/yg -°C is th- spec: iic heat of aluminum.
Thus, eguilibrium will be set up rathe_ quickly after a change
in the reactor power level, and the time required will essen-
tially be independent of the initial tempera- ire differential
over the probe when the pcwer is changed.™

2.1.2 Corrections to the Theory

2.1.2.1 Heat Losses

The theory of the previous section requires all of the heat
generated in the probe at equilibrium to be conducted out
through its stem. To make this a good assumption, the trobe
was pocitioned inside an evacuated dome and attached to its
water~-cooled base. There will still be some heat loss through
radiation upstream from the thermocouples, however, and this
can be estimated from the Stefan-Boltzmann law (Ref. 4) as
-12

_ A
Q, = 1.374 es(Ty - Tp x 10

N cal/sec (8)

Here, Qp is the net rate of heat loss ir the radiation exchange
between thaz hotter btecb (target) of the probe and its surround-
ing dome, which have average absolute temperatures of T, and Ty,
respectively, and € = 0.1 is the emissivity of the semi-pglished
bob of the probe, which has a surface area of S = 7.13 cm‘.

*The initial AT would begin to have more and more influence
on t if the quasi-equilibrium condition ot 997 of the final AT
were steadily relaxed to lower percentages., 1In practice, the
equilibrium time was determined by the heat sink.



The maximum temperature measurec on the target end _:
the calorimeter stem during the highest level ot reactcr
operation (7 MW, was 240"F, and the maximum remperatute 3t t-e
mid-height of the dome was 170°F The temperature drfferentiz
over the bob of the prcbe shculd be oniy abzut 10°T her:, s:
that the average temperatire cf the bcb will be atcot 2,5%
Caiculations show that the very tip of the dcme snculd te 2tcut
twice as hot as its lcwer rim and t-at the midpcint snzule nave
rcughly the average temperature cf the two extremes “exce.
the 170°F terperature at mid- he1gnt shcuid appreximate the
average dome temperature at this pcwer lcve-, and tig-v- .
temperatures shouid vary from atcut 2307 tc 1t 5O wiew oo

water-cocied base cf the dcme having a temperature cf zbt-.t
90F

]

<
IS

iy

i

The net rate of heat 1:ss £rcm the bcbh of the prcte, at
Tp = 392°F (or 225% -, to the deme, at Ty = 350%% or 175¢F
can then be estimated from Equaticn 8 as

Q=98 ¢l 6 - 150 «x 1077 = 8 4 x ;u'3 cai/sez ‘9

Therefore, instead of having a steady-state heat f.ix cif

@ = qV'/A iuto the stem cf the prche, as in Equaticn 2. cae

wi.i actually have (qgv - Q. /A This will require tbs temm
2Q/(2V° + Vi to be added onto the right-hand side cf Zguatiia -
to give

q= (13146 4T + 958 x 1072 =107 caijem? sec G
. . c.
where the measured AT for this pcwer levei 1s 9. t T-us, the
percer..age errcr intrcduced by neglecting radiatica .is3es i3

estimated rc be

! L .
100 ¢, 59 {__g z; bx o7 =€
- nE - —— . - e~ dr e w oe e
q (\" + T) AT

which, fer the case abcve, gives an error =f € S58/. 27 = ( 5%

This radiation ca.cu.ation 1¢ very ~ocugh, ¢f =c.-:2, 3.0_¢
temperature distr:buticns and gecmetries 3are .arge.v 1g - rec
but one has only a % 5% error in tre worst 1raginab.e zass
an cxidized probe iwith : = T ! that radiates t:- t-e dime and

1*7)



a dome that radiates only to its water-cooied base. In this
wurst case, the first term of Equation 9 is multiplied by a
factor of 2 and the second term drops out completely. This is
no doubt an overestimate, and it is very unlikely that the

heat loss through radiation could amount to more than 2 or 37
for this highest level of reactor operation. The fraction cf
heat lost through radiation will decrease for lower power

levels (Table 1} and will essentially disappeer for reactor
operation below 1 MW, when the probe and dome will be maintained
at about the same temperature.

Table 1

ESTIMATED RADIATION HEAT LOSSES FROM
THE PROBE AT VARIOUS POWER LEVELS

Pover Level (MW) AT(°F) Tb(OK) Td(ok) Q, x 10° | Loss (%)
0.273 4.1 307 307 0 0
0.455 7.0 310 310 0 0
0.909 13.4 316 316 0 0
1.890 28.0 328 322 C.74 09.17
4.520 63.9 362 344 3.14 0.29
6.780 93.4 392 350 8.40 0.54

In summary, heat losses from the probe are thought not to
exceei 2 or 37 for any reactor power, and corrections can be made
for these losses by adding an additional term to Equation 5, as
shown below:

q* = 4.23 AT x 1073 + 0.254 CQ, cal/g Al-sec
{il)
= 1.77 AT x 1072 + 1.062 <Q, watt/g Al

where C is a parameter that corrects the Q, of Equation 8 for
temperature distributions and geometrical considerations; it is



thought not to exceed a value cf Z. The Q,.'s for various
reactor powers are 1listed in Table 1 for an emissivity of
€=20.1.

The correspcnding heating rate in carbon, corrected for
heat losses but still uncorrected for neutror heating, is obtained
from the second expressiun of Equacion 11 as

q* = 1.038 q* watt/g C
c (12)
= 1.84 AT x 1072 + 1.10 cQ, watt/g C

Likewise, the gamma dose rate, corrected for heatr losses, is
obtained irom the first expression of Equation 1l as

q§ = 1.782 q= x 107 R/h
(13)
= (7.54 AT + 453 CQ} x 10° R/

2.1.2.2 Neutron Heating

Before converting the nuclear heating rate into a gamma
dose rate through Equation 13, one should aiso make a correction
for neutron heating. There are two significant mechanisms for
neutron heating in the aluminum probe: elastic scattering and
neutron capture. The unigher-energy neutrons in a reactor
spectrum cause heating mainly thrcugh elastic scattering, while
those pear thermal energies cause heating through neutror cap-
ture.

The rate of energy absorption in the aluminum probe through
isotropic scattering of n%gtrons is gilvea by

E, = 2.46 x 179 6[ E oy (E)E(EDAE erg/g-sec (14)

where oez(E) is the elastic scattering cross section, in barns,
for neutrons of energy E, in MeV, and f(E} is the differential
neutron flux incident on the probe. If one assumes thzat the
differential flux ir the in-pila tube has the shape of Watt's
fission spectrum, normalized to make its maximum value equal to
urity, then Equation 14 can be numericalily evaluated to give

E, = 2.8k x 10°% erg/g-sec (15)

10



where k is the normaiization factor required to make the
fission spectrum agree with the measured ASTR spectrum.

The neutron flux abcve 1 MeV has been measured with sulfur
detectors to give the flux per unit power level P as

oo 00
1 j £(E)E = 3.8 x 105 = .11;] £ (E)dE (16)
1 1

The normalized fission spectrum f_(E) has been wumerically
integrated above 1 MeV to give a §1ux of 2.2 neutrons/cm?-sec,
so that

6
28X 10 - 173 x 10° ware?

11

Therefore, the rate of energy absorption from elastic scattering
in each gram of the prcbe per unit reactor power wilil be,
trom Equation 15,

3

53 = 4.85 x 1072 erg/g-sec-watt (17}

Now 1 R/h is equivalent to an energy absorption in aluminum
of 2.35 x 10~2 erg/g-sec, so that Equation 13 can be rewritten
in terms of a heating rate as

q* = (1.77 AT + 106.2 CQ,) x 10° erg/g-sec (18)
At the centerline of the reactor core, where AT was measured to

be 28°F for a power level of P = 1.89 MW, the heating rate per
unit power 1level is

%5 = 2.64 erg/g-sec-watt (13)

Hence, the percentage contribution of heating from neutron scatter-
ing to the total nuclear heating rate in the probe is, from
Equations 17 and 19,



100 Ea 4,85

q* 2.64

= 1 847 (20)

Energy is absorbed frcem (n,v) reactions in the aluminum
probe in two stages. The excited compound nucleus formed by
thermal -neutron capture wiil first decay to its ground state
through the emissicn of prompt gammas having energies of 7.7 MeV.
The cadiocactive aluminum-28 nucleus will then have 2 bali-life

of 2.3 min for undergoing beta decay accompanied by T B-MeV
gamma ray. The upper-point energy fcr this beta dec s 2.87
MeV; but all lower energies can be carried off, dep: v, cn

how the disintegration energy is shared with accompai . nheu-
trinos. Thus, the capture of a neutrcn having essentially nc
kinetic energy will make available an energy of abcut 12.4 Me,.
a good fraction of which will be abscrbed and will go inte heat-
ing the probe.

The {n,v} crcss secticn, Sy (in barns®, is zppreciable only
for the near-thermal neutrons, so that if the average beta

energy is EB MeV and if these electrcns are always stopped in

the probe, then the energy abscrbed cnly frcm the beta particles

produced in a thermal-neutron flux of &,y 1is

E, = 3.56 o, ¢, Fgx 1678 erg/g-sec (21)

The thermal-neutron flux per unit power level in the ASTR tube
was determined from the activation of bare and cadmium-covered
copper samples to be ®.,,/P = 5 x 106 n/cmz-sef~watt, and the
thermal crcss secticn %or the (n,Y; reaction in aluminum-27 is
0.21 barn, so that for an average beta energy of 1 MeV,

Ea/P = 3.74 x 1072 erg/g-sec-watt {22)

1f one assumes that the average path l.ngth ¥ of a gamma
in escaping from the probe is 0.75 cm, that gammas wiil on the
average give up half of their energies to electrons in Compto-
collisions, and that the average Comptcn cross secticn ¢, for
an aluminum atem is 1.5 barns, then the energy absorted from
ganmas once an (n,Vvy reaction takes place is roughly approxi-
mated by
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0.C3 % T E: EYi = (.32 MeV/reactrion

Such reactions will be taking place at the ra» of 2.23 x 10-2
Ohy Prp reaction/g-sec to give

-

E, = 1.14 g, ¢4 % 10-8 erg/g-sec
or

E,/P = 1.2x 10-2 erg/g-sac-watt (23)

The rate 2f energy abscrption from all exit particies of
(n,Y) reacticns is now given by combining Equations 2z and 23 tc
obtain

E,/P = 3.74(1 + 0.32, x 1072

= 4.94 x 1072 erg/g-sec-watt (24)

The percentage contribution to the total nuclear heating rate from
(n,Y) reacticns 1in the prcbe is then given, as in Equation 20, by

100 E ,
—a 3.9 _ 183y (25)
qQ* 2.64

which is almost exactly the same as the eiastic-zcattering con-
tribution. Finally, combining Equations 20 and 25, the total
contributiou from neutron hezting in the probe is estimateu to
be

o LFale®) + E,(n,v:] = 2.7% (26)

Now baving broken down the nuclear heating rate in aluminum
into contributions “rom gammas and neutrors, and having further
divided the neutron heating into equal contributicns from elas-
tic scattering and capture reactions, one can mane better esti-
mates for the heating rate in carbon and for the gamma dose rate
than those ot Equations 12 and 13. The counterpart of kquation



14 for the rate of energy abccrption in carbon through isotropic
scattering is given by

@

. -8 -

E, 1.14 x 10 ‘[ E aet(c,f(EJdE
0

27)
= 9.8k x 1078 erg/g-sec

Hence, according to Equaticns 15 and 27, the heating rate from
elastic scattering is 3.5 times as great in carbon as in alumi-
num for the same neutron flux.

Therefecre, since gamma heating is 1.038 times as great in
carbon as in aluminum and since neutron capture irn carbean is
negli -ible, the ASTR heating rate in aiuminue, q*, will trars-
form into an equivalent heating rate in carbon cof

q* = | 0.963 (1.038) + 0.¢184 (3 5] q*
c ‘ (26)
= 1.0646 1>
Using the corrected heating rate in a’uuninum from Equation 11,
this final formula for the heating rate in carbon becomes
qt = 188 1x 1072 + 1.13 cq, watt/g C (29)

as compared to Equation 12, where reutron heatirg was igncred,
and to Equation 6, where both neutron heating and heat losses
were ignored.

That part of the nuclear heating rate in aluminur due only
tc gamma rays is given by qf = 0.963 qx cal/g-sec, so that the
gamma dose rate .n the ASTR is

qf = 1.782q% x 10° = 1.716 q~ x 102 ®/h (303
According to Equation 11, this final fcrm for the cose rate be-
comes

% = (7.26 AT 4435 20Q  x 10” R/b (31)



as opposed to Fquatic: .°, wnere n: neutT-In Isrrection was mede,
and to Equaticn 7, whers =7z ccrtTectilng at 3i. were made. This
s2me result is obtained froc the gamma neating rate in carbom,
of course, wnich is given by tne first ter= ci Eg.atica 28,
wvhere

qg = 1.7.8¢g7 «. x ;C9 = . T £ g x LT Wi
*

if 1L R is equivaient t> an =nev3v zbksirpr:
carbon. Here. the gamra teati- g 1a <arIin

o!
%5
to the nucliear hkeating in a..minum IIr the ASTR.

2.i.3 Calitraticon

The calorimeter prote was chezrel cut i the _a2-cratory before
the actual reactcr test vo vecify the ca_cu_at:zd -zlationship
between heat input and the stzadv-:-ate te-_:tatuie differential
along tne stem cf the —rcte A Zy_ .ncrizal e.exr i: heating
element of the same disreter =s the %> <7 the p-:be was placed
against the end cf the b2t 2ad a hz_ < 3. Ziaum - y.inder vas
tightly fitted over thz heatizg =l:meit ard the bcb to join them
together (Fig. 2. The pribe was toe= firged Intl the water-
cooled base of an evacuated a..TImam -y._=der wrich had insulated
feedthroughs for connecting the heater wir:is.,
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By supplying a known amcunt of electrical pcwer to the
heater, one can measure the steady-state temperature differen-
tial between thermocouples con the stem of the probe and compare
this measurement with the calculated value obtained frou

AT = 0.43 =- = 14.35P, (32)

where AT is in OF, P, is the electrical power in watts, L is

the separation distance between the theirocouplies on the stem

of the probe, A is the cross-sectional area of the stem, and k

is the thermal conductivity of the aluminum This equation is
obtained by setting q = 0 in Equation 1, since there is no heat
generated in the stem of the probe, and by sctting the flux of
heat down the stem of the probe equal toc @ = 0.239 P_/A cal/cm?-sec
in Equation 2, so that it applies for simpie conductgon with no
heat losses.

Now, one could measure AT for variocus electrical powers
and plot a curve of AT vs Py (Fig. 3) so tnat if the heat
losses were the sam¢ in both cases, this could be used as a cali-
bration curve fer the reactor test. For example, one could
read P, from the curve for a given AT and calculate a nuclear
heating rate in the = = 3 .94 g of effective aluminum mass up-
stream of the thermocouples as

0.239 cai_ 8
a il M 1.082 P, x 10% R/h (33)

Here, m = £{V' + V/2; is the mass of an imaginary aluminum bob
which, when uniformly heated at a rate of q, would give the same
AT when attached to the actual stem as would the same uniform
heating rate of g throughout the bob and stem of the real probe.
(Appendix A). Thus, the use of an effective mass corrects for the
dirferent distribution of heat generation from electrical and
nuclear power.

The assumption of equal heat losses in the laboratory cali-
bration ard in the reactor test is far frow valid, however,
because the heating element provides additional surface area for
heat losses in the laboratory and the containing cylinder is not
heated, as is the dcme in the reactor. Consequencly, larger
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temperature differentials are developed betwcen the heater-

probe unit and its container. In addiction, the hollow aluminum
cylinder used to couple the probe and the heater together had

an unpolished, dull finish, as did the larger aluminum cylir ler
required to contain the bulkier unit, s> that radiation emiss_vily
would be considerably increased. Thus, the net heat loss through
radiation in the laboratory would be greatly increased over that
in the reactor through both a larger emission from the probe-
neater unit, because of increased surface area and emissivity,
and a relatively smaller return emission fro- the walls of the
containing cylinder, vhich are essentially at room temperatuce..

Tf one were able to accurately calculacte the heat losses
in the laboratory and in the reactor, Hy and Ky, respectively,
thon the calibration curve could still usc ' 0 calculate nuciear
brating raztes from

L L 0:239P - HL +Hg cal (34)
1 L g-sec

This would essentially be a calibration only for the thermal con-
ductivity, however, since all other quantities in the theory,
corrected for heat losses, are directly measurable constants,

and the conductivity of pure aluminum is known with mu-h greater
accuracy than are the heat losses.

Therefore, unless heat losses can be made roughly the same
in th> laboratory and in the reactor, then, after satisfying
oneself that the calorimeter operates properly in the labora-
tory for lower power levels, where heat losses are iegligible,
and that heat losses will be small in the reactor for all power
levelc, one might just as well use Equation 7 to calculate loss-
free gamma dose rates rather than trying to caiibrate the probe.
Equation 7 is obtained by solving Equation 32 for P, and sub-
stituting into Equation 33, so that wvhen one plots the calculated
curve of AT vs P_. from Equation 32 and compares this to the
curve measured in the laboratory, as in Figure 3, then the dif-
ferer.ce in these curves indicat2s heat losses in the laboratory
if all input data to the theory are correct, and apparently
they are since the lewer-power parts of the curves agree when
heat losses are negligible.

18



A brief review of calibration attempts is in ordexr before
discussing the final calibration curve of Figure 3 ir graater

detail.

Heat losses measured in The first calibration

attempt are shown in the leaft-hand side of Table 2, and cal-
culations required to explain these losses are shown i{n the
right-hand side of the teble.
centages are determined for various electricual power inputs by
comparing thermocouple tempararurv differencials to calculated
The average prode-heater temperatures
necessar;y for explaining these meazured heat losscs are cal-
culated from the Szefan-Boltzmann radiation law and are listed
in the T, column, vhere it !s assumed that Che emissivity of
the dull aluminum coupling, having a surface area of 27.9 cm‘,
might be as high as 0.5, and that the side vills of the con-
taining cylinder are maintained at a constant temperature of
297°K. Ttre heat losses themselves, Q. are then shown frr
these temperatures, and percentage losses are calculated from

values from Equation 32.

The measured haat-loss per-

100 Qr/P,
Tadle 2
HEAT LCSSES IN INITIAL CALIBRATION
OF THE CALCRIMETER

P, aT(°F) Measured T Qr Calculaced

(watts) Exp. Calc. Keat Loss (BK) (watts) Heat Loss
() (L)

'o0.51 6.2 7.3 15.1 306 0.079 15.5
|
i 1.65 12.9 | 5.1 14.5 314 0.156 14.8

2.02 26.7 | 29.0 164 .8 328 0.304 15.1

3.95 48.6 | 56.7 16.3 349 0.565 14.3

1 H

The temperatures needed to explain the results above through
radiation losses are quite reasonable and only require tempera-
ture differentials over the probe-heater umit of 189, 29°, 45°,

and 53°F, from lower to higher powers, where the meagur

ed tempera-

tures on the stem at che base of the bob are 82°, 91, 1080, and
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1420?. respectively. The temperature at the puint whe.e the
wvire entered the heater element was monitored for the higher
4-watt power and was found to reach 260°F. It is thought that
the temperature of the hot end of the outer aluminum courling
would be considerably less than this, but it might well ap-
proach 195°F as suggested by the rough calculations abce.

Thus, we have now shown that the discrepancies in the initial
calibration attempt can be largely explained thnrough radiation
losses {Table 2), and that radiation losses should be about
thirty times as great in the laboratory as in the reactor
(Table 1). Hence, if it can be demonstrated that the calorimeter
will operate preoperly in the laboratory for low-power levels
where heat losses can be restricted, then the probe can be used
with considerable confidence in the reactor without regard to
the actual calibration data obtained in the laboratory under
different conditions.

In order to restrict heat losses in this final calibration
to something on the order of those expected in the reactor, the
probe-heater unit was wrapped in a bright aluminum foil having
a low emissivity and the inside of the containing cylinder was
lined with asbestos paper. The measured temperature differen-
tials under these conditions are compared to values calculated
from EQuation 32 in Table 3, and the results are plotted in
Figure 3. If the heater power corresponding to a measure AT in
the reactor is found from the calculated curve of Figure 3 and
is substituted into Equation 33, then one obtains the theoretical
dose rates f Equation 7 for the case where nc heat is lost.
Using the measured curve in “he same manner corrects for heat
losses if reactor conditions are simulated by the specially in-
sulated probe-heater unit. Neither of these ccnditions is
expected to hold exactly, but the true calibration curve is
expected tc fall somewhere between the two curves ot Figure 3,
and it should probably be closer to the calculated curve.

20



Table 3

HEAT LOSSES IN FINAL CALIBRATION
OF THE CALORIMETER

P aT(°F) Heat Non-Wire

(wagcs) Exp. Calc. Loss Heat Loss
(2) (%)
1.02 14.2 14.6 2.7 1.2
2.03 27.7 29.1 4.8 3.3
4.15 56.0 59.6 6.0 4.5
7.73 103.4 110.9 6.8 5.3
10.17 135.5 145.9 7.1 5.6

The percentage of heit lost through the copper heater wires
at a power of P, is approximated by 0.03 AT/P,, where AT is
the temperature difference over the le :;th of the wire. This
temperature difference has been measured to be 185°F at a heater
power of 4 watts, so that the heat loss through the wires is
about 1.57%. This is expected to hold roughly fer all electri-
cal powers, since AT/P, changes slowly with power. Therefore,
by adjusting the powers of Table 3 for a constant heat loss
of 1.5% through electrical wires, one can recalculate AT for
the probe and obtain still better agreemert between theory and
measurement, as recorded in the firal cclumn of the table.
Thus, Table 3 indicates that the calorimeter would be accurate
to within about 17 or better if all heat losses could be pre-
vented, and, coupled with the data of Tables 1 and 2, this
completes the verification of calorimeter operation in the
reactor, i.e., Table 1 implies that radiation heat losses are
sw2ll in the reactor; Table 2 implies that heat losses are
mostly through radiation; Table 3 impliecs good accuracy is obtained
when heat losses are small. Consequeatly from Tables i, 2, and 3,
it ms be cecncluded that the calovimeter will provide accurate
measurements in the reactor field.
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In summary, the calibration technique, as outlined, cannot
be used to correct for calorimeter errors because of the large
difference in heat losses in the two applications. It dces
indicate, howaver, thet the calorimeter is operating properly
and that the input data to the theory are correct to within a
percent or sc. Moreover, it indicates that the corrections for
heat losses in the reactor as made in Equaticns 11, 12, and 13
should be roughly vaiid. Hence, the final formulas of Equations
29 and 31 will be used to calculste the carbon heating rate and
the gamma dcse rate in the ASTR.

2.2 lon Chamber
2.2.1 Characteristics

The 4-cc carbon ion chamber i1s desizned to measure large
gamma-ray doses in the presence of neutrons in a reactor fieid.
It opcrates by the action of gamma rays knocking electrons from
an outer clectrode; these electrons, in turm, fonize the zas
between the outer 2lectrode and an inner ocne. The fons thus
formed are drawn to their respe-tive elect-odes and the result-
ing current is wmeasured by means of a suitable current-measuring
device. By exposing the chamber in a known gamsa-ray field of
suitable iacensicy, the relationship between exposure dose rate
and output current is established.

The ion chamber used in this experiment has electrodes of
nuclear graphite and is filled with CO; at & pressure of 760
mu-Hg; the active volume ia ajproximately 4 cc. The outer
electrode is 0.25 in. thick, sufficient to provide electron
equilibrium for reactor radiation. 1lon chambers of this type
have been investigated extensively (Ref. 5;, and their principal
characteristics are summarized as folilows:

Parameter Value

Dose-rate range 10 to 5 x 107 R/h

Neutron sensitivity 2.5%

Directionality Response substantially
flat with angles from
0° to 140°

Temperature sensitivity 0.1% per °F between 75°
and_120°F

Current output 10-11 ¢o 10°6 amp
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Parameter Valu&

Linearity + 3% or better on
all ranges with re-
corder readout

Precision + 1%

Accuracy + 101

2.2.2 Neutron Sensitivity

The measured sensitivity of the ion chamber per unit neu-
tron flux is given as a function of incident energy in Reference 5.
If this response is numerically integrated over a neutron
fission spectrum, normalized to give a neutron flux per watt
above 1 MeV of 3.8 x 10 n/cnz-sec-watt, then one obdtains a
neutcon sensitivity at the core centerline of

Ng = 2.7 R/h-watt

Baczi on the calorimeter data, this amounts to a correction of
2.5% for neutron response in the ion chamber. This correction
is applicable to all core positions.

2.2.3 Calibration

The gamma sensitivity of the ion chamber was determined by
putting it in the known field of a cobalt-60 irradiator and
monitoring the chamber output with a picoamreter. The sensi-
tivity was checked over a period of three days to verify the
stability of the detector and instruments. (The same pico-
ammeter, power supply, and cables were used in the irradiation.)
In a field of 2.09 x 103 R/h,. the current was 8.60 x 108 amp,
giving a sensitivity of 2.43 x 1012 R/h-amp.

The cobalt irradiator source consists of seven vertical
pencil sources, 6.5 in. long bv 0.5 in. in diam, equally spaced
to form a cylindrical geometry. The diameter of the source
array <an be varied from 1.42 in. to 7.45 in. The source
strength at the time of calibration was about 980 Ci.

In the calibration procedure, the ion chamber was posi-
tioned at the center of the source array. The diameter of the
source array was 5 in., so that the dose-rate variation over
the detector was slight. The center position has been
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calibrated by several methods: an absolute ion chamber, a
ceric chemical dosimeter, and a Victoreen R-Meter that was
calibrated at NBS using an intermediate source and icn cl.amber.
The values agree to within + 3%. Dose rates are reproducible
to + 1%.

2.) Dosiweters

2.3.1 C(Cobalt Glass

When cobalt glass is exposed to gamma radiation, it
undergoes an increase in optical density that is proportional
to the expcsure dose. This property is utilized by reading
the density at selected wavelengths with a Beckman DK spectro-
photometer bcth before and after irradiation.

Because of its high sensitivity tc the therm#l neutrons
in a reactor field, cobalt glass is enclcsed in thermal-neutron
shields of borated epoxy. The sensitivity to fast neutrons is
less than 1%.

The gsable dose range of cobalt glass is from about 10%
to 2 x 10° R. The dosimeters are calibrated by exposing the
plates in the known field of the cobalt-60 irradiator and
reading the light transmission both before and after irradia-
tion. Expcsures are normally made for several time duratiomns
86 as tc provide caiibrated dosimeters for the usable dose
range.

2.3.2 Thermoluminescent

These dosimeters make use of the tnermoluminescent proper-
ties of calcium fluoride (manganese activated) and lithium
flucride. Whan these materials are exposed to ionizing radia-
tion, electrons are raised to metastable states. Upon the
addition of energy in the form of heat, the electrons return
to their ground states with the emission of visible light.

The light output is read and related to the exposure through
a calibration in the known gamma-ray field.

Since these dosimeters can be reused many times, the ones

used in this experiment were given a low exposure ( ~100 R}
and read out in the usual manner. These data were then used
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(by AGC) to correct for variations in response (up to 25%)
among the individual dosimeters. The dosimeters were then
baked out prior to exposure in the reactor field.

Data reported in this document were obtained by use of
calcium fluoride and lithium fluoride microdosimeters (Can Mn
and Li F) miniature lithium flucride dosimeters (mLi F), and
hot-press calcium fluoride dosimeters (HF CaFj:Mn).

The calcium fluoride microdosimeters consist of CaFjp:Mn
power hermetically sealed in very small glass tubes (0.9 mm
by 6.0 mm). The exposure range is 1 K to 10° R. Accordxng to
the manufacturer, fast-neutron response is 1 x 10-? R per n/cm?.

The lithium fluoride microdosimeters are constructed in a
manner similar to the calcium fluoride dosimeters. The re-
sponse of lithium fluorid= as a function of gamma-ray energy is
about 10R. Lithium-7 dosimeters have a very low neutron re-
sponse, whereas lithium-6 dosimeters have a high sensitivity to
thermal neutrons.

The miniature lithium fluoride dosimeters contain 10 mg of
Li’F in a glass capillary 1.4 mm in diameter and 12 mm long.

The hot-press calcium fluoride dosimeters, formed at high
temperatur< and pressure, are rectangular pellets with dimen-
sions of 1/8 bg 1/8 by 1/16 in. The dose range is given as
5mR to 3 x 10

2.4 Foils
2.4.1 Types

Neutron-flux measurements were made by foil-activation
techniques. Foils or pellets of selected radicactivants were
exposed in the in-pile tube and the level of radioactivity
was subsequently determined by counting beta-particle emission.
From the measured count rate, the saturated activity was com-
puted, and this information, when combined with the activation
cross section and number of atoms of radioactivant, was used
to determine the flux of neutrons in specific energy regions.
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The procedures are well established and need nct be elaborated
on here; however, detailed discussions of tt. theory and
practice of neutron-flux measurements in reactor fields may

be found in References 6 th-ough 8.

The radioactivants used in this experiment are de-
scribed in Table 4. The most numerous measurements wWere made
with sulfur pellets and copper and a uminum foils; the addi-
tional foils and pellets (two sets orf each) were exposed fur
the purpose of roughly defining the neutron spectrum.

2.4.2 Calibration

The efficiency cf a particular ccunter for counting a
particular type of foil is defined as the ratic of the count
rate of the foil on the specific counter to its absclute dis-
integratior rate. Since the fcils used feor routine flux
measurements are frequently not suitatie for absolute counting,
and the counters used for voutine counting are not absolute
counters, it is necessary tc determine the counter efficiency;

hence, the absolute disintegr ‘tion rate must be determined.

Tne efficiencies ¢f the rcutine ccunters for counting the
various types of fcils have been determined by calibraticn
procedures which are repeated periodically. In these calibra-
tions, the foils are irradiated to a suitable activation level
and then counted on the routine ccunter and also by an absoiute
method. The absoiute disintegration rates are usually measured
by one or both of twc methods. 4w counting or beta-gamma coin-
cidence counting. Thermal-neutron detectors having a suffi-
ciently large capture cross saction are also irradiated in
the known thermal flux of a standard pile, and the unknown
chermal-neutron fluc can then be obtained by a direct compari-
son of count rates on a routine counter.

The 47 technique consists of dissolving an activated foil
in a common acid, depositing an aliquot of this sclution con-
teining a known fractior of the foil on a thin sample holder,
and counting this sample in a 47 counter.

The beta-gamma coincider.ce technique can be employed for
radioactivants having sinple decay schemes - ideally a single
beta particle accompanied by a single gamma ray. From a
measureirent of the number of beta counts, the number of gamma
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counts, and the number of coincident beta and gamma counts,
the absolute disintegration rate can be computed (Ref. 5).

Many of the foils listed in Tatle 4 are not amenable to
calibration by 4r couniing {relatively insoluble), coincidence
counting (complex and/or not well-known decay schemes), or
irradiation in the standard pile (cross section small and/or
half-life long). Therefore, che actual calibrations in these
cases were by one of the following me:hcds (Ref. 8):

1. A r=lative method employing 4¥ counting of special
detectors manufactured with aluminum sulfate iastead
of alusinum powder. Since these foils are readily
soluble in acid, they could be calibrated by the
4y technique. By irradiating the standard and
special foils simultaneously in the same neutron
flux, a direct comparison of count rates on a
routine counter was obtained.

2. A comparison sethod requiring activation in a known
thermal flux. 1In order to obtain sufficiently high
flux levels, irradiations were made in the pneumatic
tube of the Ground Test Reactor, and the thermal-
neutron flux was measured with gold foils that
could be calibrated independently.

3. A relative method employing similar foils having
known counting efficiencies.

The calibra2+ion method and the estimated calibration
dccuracy for the various foils are given in Table 5.
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Table S

FOIL CALIBRATION METHOD

Calibration Estimated

Element Method Accuracy
@ %)
Lutetium Relative 4t 5
Europium Relative 4v * 5
Indiuwm (n,¥) Known flux® 13
Gold Standard flux; g - ¥ 4

coincidence

Samarium Relative 4v & 5
Tungsten Known flux® 23
Lanthanun Known flux’ 16
Cadmiue Relative 47 * 5
Manganese 3 S
Copper 3 4 5
Phosphorus 3 4 5
Indiwmm (n,n') ' g 5
Aluminum (Al matrix) | Relative 5
Aluminum (Al foil) B - Ycoincidence 3

*Special pellets made vith aluminum sulfate

bIn pneumatic tube of Ground Test Reactor
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3. EXFEM ENTAL EQUIPMENT

3.1 Aerospace Systems Test Reactor

The ASTR is a heterogeneous, enriched, light-water-moderated
and -cooled thermal reactor. The design is roughly that of a
right-circular cylinder 76 in. in length and 34 in. in diameter.
The core is composed of twenty-nine fuel elements containing
155 g each of uranium-235, four elements containing 104 g each
of uraniun-235, and three control-rod assemblies. The fuel
elements are arranged in a 7 x 7 matrix with the three elements
in each corner missing. Aluminum grid plates support the core at
each end. The grid plates are bolted inside a cylindrical pres-
sure vessel constructed of 3/8-in. stainless steel.

The ASTR lift-tilt mechanisa has a 12.5-in.-diam 15-ft-stroke
hydraulic ram with a yoke attached to the top of the ram. The
reactor is supported by trumnion fittings in the yolk and can be
positioned either forward-end up or forward-end down by means of
two hydraulic jacks on the yoke. The reactor can also be rotated
180° in either direction.

The ASTR tank is 17.5 ft in diameter and 17 ft deep, 16.5 ft
of which is below grade level. The top of the tank is flanged
to accept a variety of upper-tank configurations. For the ex-
periments reported here, the upper tank was a 3-ft extension,
open at the top but crossed by two heavy, parallel I-beams.

3.2 ASTR In-Pile Tube

The ASTR in-pile tube, located in core lattice position 0-3
(Figs. 4 and 5), i8 4 in. in outer diameter with a nominal wall
thickness of 0.125 in. It is constructed of 304 stainless steel.
The bottom of the tube is closed by a 0.125-in.-thick welded
plug, and the top closure or attachment is made by a Marmon V-
clamp with an O-ring seal. The tube is held in the reactor by
an 0-ring flarge and two captive bolts.

The tube extends approximately 1.5 ft through the core iunto
the aft plenum chamber. The upper, or forward, end of the tube
extends 10 in. through the pressure plate. An aluminum extension
tube 42 in. long was attached to the upper end by means of a
Marmon clamp.
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For these experiments the ASTR was in the fully lowered
position with the forward-end up. The extension tube extended
upward and terminated 3 ft below the water level of the ex-
tension tank. Tte test fixtures were installed by raising the
reactor until the extension tube was above the water line; the
test fixture was then inserted and fastened with a Marwon clamp
and the reactor lowered to the full-down position. Removal of
the test fixtures was achieved in the reverse sequence.

3 3 Calorimeter

The calorimeter (Figs. 6 and 7) employs an aluminum probe
mounted on a water-cooled heat sink and otherwise thermally
isolated by vacuum. Thermocouples were mounted in the stem at
the bob and near the heat sink to measure the temperature gradient
required in Equations 5, 6, and 7 (Sec. 2.1.1).

The calorimeter section proper is about 6 ft long and con-
sists of the detector head supported by three cooling-water
lines, a vacuum line (spot-welded to one of the cooling-water
lines), and two thermocouple extension cables. Each line termi-
nates with a fitting and each cable with a piug. The extension
catles are stainless-steel-jacketed and each contains four 24-
gage wires insulated by magnesium oxide.

The probes (several were made) were machined from both 1100
aiuminum and from bar stock cast at the Metallurgical Laboratory
from an ingot of Reynolds aluminum. The analysis provided with
the ingot showed a composition cf 99.79% Al, 0.077 si, 0.137% Fe,
and 0.01% Ga. The bar-stock castings were x-rayed (two angles)
and tested ultrasonically; those showing defects were rejected.

After machining, the probes were again x-rayed, weighed to
1 mg on a microbalance, and the dimensions obtained. The
dimensions were measured with a micrometer to the nearest mil
and with a traveling microscope calibrated to 0.0001 in. From
the dimensions and weight, the density cf the grobe used in
these experiments was computed to be 2.71 g/cm”.

The thermocouples were mounted in drilled holes 0.013 in.
in diameter and 0.020 in. deep. After insertion of the thermo-
couple lead, the walls >f the hole were pressed in to hold the
wire in place. Four thermocouples were initially mounted in
the probe, but because of a break in one of the feedthrough
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wires which could not be repaired, one pair of thermocouples
was removed prior to the irradiation test.

The thermocouples were made by spot-welding crossed
wires of Z6-gage (0.0050-in.-diam) chromel and alumel. The
3b--gage wires were wrapped around and soldered to the 24-gage
((+.020-in.-diam) wires extending into the vacuum chamber
(Fip. 6) from the two thermocouple extension cables. The two
sheathed cables were passed through the heat sink by means of
Swagelok fittings. Thermocouple plugs wexre attached to the
free end cf the sheathed cables. The leads from the plugs to
the reactor c..atrol room were made of 17-gage chromel-alumel
extension wires {2 conductor) with polyvinyl insulation.

Six of the 36-gage chromel-alumel thermocouples were pre-
pared and calibraced at the General Dynamics Standards Laboratory.
The resulting correction curve, based on six temperature points,
is shown in Figure 8. There was no appreciable difference in
ocutput among the six thermocouples. At the highest heating
rate encountered in the irradiation experiment, the error in
the differential temperature was 0.6°F in 93°F, or 0.65%.

Provisicns were made for investigating the performance of
the calorimeter by .se of an electric heater and an oversize
vacuum dome. With the calorimeter in irradiation configura-
tion, a 3C-W cartridge-type electric heater was mounted on the
bob of the probe by means of a length of split aluminum tubing
(see Fig. 9). The large vacuum dome with the heater wires
entering through a vacuum feedthrough was then screwed down
agairst an O-ring seal.

Figure 10 shows the calorimeter in the checkout configura-
tion with an early instrumentation setup. In checking out the
final probs assembly, the thermocouple outputs were read with
a Leoeds & Northrup K-4 Potentiometer Faciiity, heater current
and voltage were read with Hewlett-FPackard 412-B meters, and
the thermocoupie reference was a Joseph Kaye Labs Reference
Junction. Pressure in the vacuum system was measured with a
thermocouple gage at a point in the vacuum line about 5 ft
from the chamber.

3.4 Yon Chamber

The ion-chamber fixture can be used interchangeably
with the calorimeter by removing one and attaching the other
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to the traversing mechanism. The ion chamber is supportec by
a mounting bracket attached to three aluminum rods, a3 shown
in Figure 11. A 0.?;-in.-copper water line cciled around the
ion-chamber dome prcvides a heat sink. The coaxial cables
plug into Microdot 32-31 ~able connections on the base of the
ion chamber.

The 4-cc ion chamber is basec on a flow-chamber design by
R. K. Able of Oak Ridge National Laboratory (Ref. §). The
chamber is modified from the original ¢ .sign in that it is a
static chamber, heing filled with CC, at a pressure of 1 acwus-
phere, and has an aluminum dome 0.025 in. thick instead of a
pla: tic shell. The electrode arrangement has been retained -
the outer graphite high-voltage =zlectrode is 0.25-in. thick
and is separated from the signal electrode by a 0.125-i::. gap,
resulting in a COp-filled volume of 4 cc.

The ion-chamber current was read by means of a precision
picoammeter driving a 0-10-mV recorder.

3.5 Traversing Mechanism

In order to map axially along the in-pile tube, » rack-and-
pinion traversing mechanism with a servo position indicator was
used. A 3-phase motor was used to drive the rack in either
direction at 148 in./min; a2 con.inuous traverse through the
24-in, reactor core coulud be made in avpr: metely 10 sec.

The position indicator allowed the detector to be stopped at
any position between full-up and full-down, with position read-
out to 0.1 in. on a digital counter. Full travel of the rack
was 22.3 in.

In order tn keep gases in the in-pile tube from escaping
to the atmosphere, the connection between the rack and the
calorimeter (or ion chamber) fixture was made by means of a
1.5-in. diam tube sliding through a double O-ring seal in a
flange; the flange was attached to the extension tube with
a Marmor clamp. The water lires, wvacuum lire, therocouple
wires (four chromel-alumel and five copper-corstantan), and
coaxial cables were run through the tube ard potted.

3.6 Foil and Dosimeter Fixtures

The irradiation fixture for the foil ani gamma-dosimeter
mappirg, as shown in Figure 12, comprises a cage and 2n
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extunsion assembly. The cage ccnsists of end plates jcined
by four stringers (1/8 x 1¥ x 36 in.) of perforated aluminum.
One of the stringers is positigned alcng the centeriine and
the other three are spaced 1207 apart on a circle of 1.25-in.
radius. Txe foils and dcsimeters were attdched directliy to
the stringers with tape.

The extension asserbly, to which the cage was attached
by means of three studs and wing nuts, mates to the top cof
the extension tube by ceans of a fiange and Marmon clamp. A
tube welded to and extending thrcugh the flange served as a
harndle and thermcccuple feedthrcugh. Ancther tube welded to
the flange served as a vent line which doubled back under
water,

A separate fixture, cailed thke perturbation fixture, was
fatricated tc simu._ate the transducer test fixture ‘Ref. 1lj.
This fixture {Fig. 13), which was interchangeablec with the
foil and dosimeter cages, was ccnstructed ¢f a srare aluminum
manifcld block and two tutes and a channel te simmiiate gaseous-
coclant vassages.

The detecter positicas ca the fecil and dosimeter fixture

were defined by desigznating the stringers as A, B, , and D,
as shcwn in Figure (4. Since the transducer manifold boss
positions were 2.5 in. apart, detectcr pcsiticns were made
2.5 in. apart and numbered starting at the bottom. Position
No. 6 was made to ccrrespend to the reactor centerline. The
transducer manifo.d was alsc centered in the reactor core so
that positicns correspcnded or both fixtures. For examgple,
position 6A was at the center of the in-pile tube and on the
centerline of the reactor core.
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4. IRRADIATION PROCEDURES

The irradiations are described in the seq.uence in which
they were conducted, namely, foils and dosimeters, ion chamber,
and calorimeter. This sequence proceeded from the highest to
lowest detector sensitivity so that the power levels cuould be
ordered from lowest to highest.

4.1 Foils and Dosimeters

Six 30-min irradiations of neutron-detecting foils and
gamma dosimeters were conducted on May 23 and 24, 1967. Reactor
power levels were zero (core background), 45.5 W, 455 W, and 1.65 kW
(three times). With the exception of zero power run, the time
between insertion and removal of the detectors from the reactor
ranged from 1.2 to 1.8 h. Orientation of the tixture in the
reactor core was as sketched in Figure 14.

Temperatures were monitored at five locations during each
irradiation, but only slight temperature rises occurred.

The reactor power levels are based on a calibration per-
formed on 31 May 1967 in which a heat balance at 3 MW was
correlated with the ion-chamber settings us2d during the irra-
diations.

4.2 Ion Chamber

The ion-chamber experiment was performed on 25 May 1967.
Several traverses were made through the core at each of the
following power levels (again based on the 31 May calibration):
0.555 W, 1.65 kW, 16.5 kW, 33 kW, 91.1 kW, 122 kW, and 165 kW.
At 165 kW, the maximum dose rate approached the nominal upper
limit of the ion chamber.

Cooling water for the ion chamber was supplied by a small
gear pump mounted at the edge of the reactor pool. A suction
line drew water from the pool, and the discharge line from the
test fixture returned the water to the pool.

Temperatures were monitored at five locations - two on
the ion chamber dome, two on the base, and one on the coaxial
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cables. Ambient temperature in the in-pile tube before irra-
diation was about 80°F; the maximum temperature recorded was
102°F during the 165-kW run.

4.3 Calorimeter

The calorimeter measurements were made on 22 June 1967.
Because of the time to reach temperature equilibrium (10-15 mir),
data were obtained only at selected locations in the tube,
mainly near tle center of the core. The power levels and po:.i-
tions at which data were obtained are shown below:

Time Power Level Position
(in. from top of core)

1056 0.273 11.3

1109 0.455 11.3

1121 0.909 11.3

1135 1.8¢ 0.2,2.4,4.6,7.5,11.3,
14.5,18.4,20.5,22.6

1353 4.52 11.3

1422 6.78 0.2,11.3,22.6

1517 9 None

1518 0 ROLE

Pressure in the vacuum system t"1s monitored throughout the
irradiation. The thermocouple gage w = located in the 0.25-in.
vacuum line above the water level, cor about 12 ft from the
calorimeter head. Approximately 12 ft of 0.50-in. tube extended
from the gage to the vacuum pump, a 140 liter/min Welch 1402.
Indicated pressure at the beginning of the irradiation was 35
microns and stayed at about that value through the 0.909-MW
run. At 1.89 MV the pressure initially increased to 48 microns
but rather quickly reduced to 40 microns and, after about one
hour, decreased to 34 microns. At 4.52 MW the pressure was 58
microns, and at 6.78 MW the pressure varied between 40 and 80
microns, depending upon the position of the calorimeter in the
core. When the power level was increased to approximately
9 MW, a rather rapid increase in pressure indicated a leak in
the vacuum system and the test was terminatec.

A subsequent inspeccion of the calorimeter indicated that
the leak was probably arnund the Swagelok fittings used as the
thermocouple feedthroughs. Because these fittings could not be
made vacuum tight, they had been potted with epoxy; at 9 MW the
epoxy apparently softened enough to allow the leak to develop.
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Three copper-constantan thermocouples were placed on the
outside of the calorimeter - one (T/C 1) was wired to the side
of the dome, one (T/C 2) was clamped between the heat sink and
dome nut, and one {T/C 3) was wired to the base of the heat
sink (see Fig. 7). The meximum temperatures recorded at each
of these locations are given in Table 6.

Table 6

MAXIMUM EXTERNAL CALORIMETER TEMPERATURES?

Power Level Maximum Temperature (°F)
(MW)

T/C 1 T/C 2 T/C 3
0 90 90 90
0.273 94 91 97
0.455 98 9% 100
0.909 106 97 103
1.89 124 101 116
4.52 158 103 123
6.78 166 108 128
9 201 113 124

4At position of maximum heating rate

Cooling water was supplied at approximately 40 psi by a
small gear pump drawing water from the reactor tank.
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5. RESULTS

5.1 CcCalorimeter

Most of the calorimeter data were obtained by positioning
the probe near the centerline of the reactor core and measuring
the equilibrium temperature differentials batween thermocouples
on its stem feor various reactor power levels. In addition, a
profile of the temperature differential in the in-pile tube was
obtained during a 1.89-MW run from nine different probe positions.
Measurements were also made at the centerline and two extreme
positions for reactor powers near 7 MW.

The calorimeter data for the different reactor powers and
probe positions are listed in Table 7. These data consist of
the electromotive forces developed by the chromel-alumel thermo-
couples, their equivalent temperatures (obtained through use of
the thermocouple reference tables in Reference 1C), and the result-
ing steady-state temperature differentials. These are the funda-
mental input data for all calorimeter calculations and will be
used for reporting results in terms of both nuclear heating rates
(in aluminum and carbon) and gamma dose rates.

5.1.1 Nuclear Heating Rate

5.1.1.1 In Aluminum

The nuclear heating rates in the aluminum probe are shown in
Table & for the various reactor powers and probe positions. The
uncuriected rates were obtained by substituting the AT's from
Table 7 into Equation 5. These were then divided by the
Teacter pewer in MW to obtain the heating rate per unit power.
The cor.»sponding rates corrected for heat losses were obtained
from Eysation 11, with slight additional corrections being made
Ini consective heat losses at the three highest powers. These
heating rates in aluminum are the most fundamental results from
the calirimeter experiment and require interpretation ecnly with
respect to corrections for heat losses through means other than
conduction down the stem of the probe.

It is felt that heat losses through radiatior for reactor

power levels of 1.89, 4.52, and 6.78 MW might be as high as
1, 1.7, and 3.2%, respectively, at the centerline of the reactor.

51



Table 7

CALORIMETER AT DATA

Reactor | DistanceP EMF,2 EMF,2 T2 T, T
Power (in.>} (mV} (mv§ (0%} (°%} (°F)
(M)

0.273 11.3 1.3435 1.2495 92.45 88.32 4.13
0.455 1.3 1.4546€ 1.2948 97.22 90.24 6.98
0.909 11.3 1.6968 1.3884 1.07.84 94 .42 13.42
1.89 0.2 1.7417 1.4170 110.06 95.57 14.49
2.4 1.9402 1.4942 i18.51 99.14 19.37

4.6 2.0756 1.5372 124.52 100.86 23.66

7.5 2.2065 1.5872 130.22 103.24 26.58

11.3 2.2464 1.6061 131.82 ~03.87 27.95

14.5 2.1428 2.5798 127.42 162.98 24.44

18.4 1.9961 1.5358 120.87 10C.78 20.09

20.5 1.8672 1.4969 115.36 99.C3 26.33

22.6 1.6737 1.3965 106.79 94,82 11.96

4.52 11.2 3.5938 2.1157 290.22 126.29 63.93
6.78 0.2 3.0188 1.9370 145.47 i18.40C 47.07
11.3 4.6608 2.5062 236.54 143.21 93.33

6.94 22.6 2.9742 1.9726 163.67 120.09 43.58

2These results are averages of at least three independent read-
ings of slight fluctuations about the equilibrium temperature, so

that there is little chance for a significant reading error.
bFrom top of cors
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Table 8

NUCLEAR HEATING RATES IN ALUMINUM

Reactor |Distance? Heating Rate Heating Rate
Power (in.) (uncorrected) (corrected)
(Mw) (W/g Al) | (W/g Al-MW) [(W/g Al) [(W/g Al-MW)
0.273 11.3 0.073 0.267 0.073 0.267
0.455 11.3 C.124 0.273 0.124 0.273
0.909 11.3 0.238 0.262 0.239 0.263
1.89 0.2 0.256 0.135 0.258 0.137
2.4 0.343 0.181 0.346 0.183
4.6 0.419 0.222 0.423 0.224
7.5 0.478 0.253 0.438 0.256
11.3 0.495 0.262 0.500 0.265
14.5 0.433 0.229 0.437 0.231
18.4 0.356 0.188 0.359 0.190
20.5 0.289 0.153 0.291 0.154
22.6 0.217 0.115 0.218 0.116
4.52 11.3 1.'32 0.250 1.166 0.258
6.78 0.2 0.833 0.123 0.858 0.127
11.3 1.652 0.244 1.735 0.256
6.94 22.6 0.771 0.111 0.794 0.114

3From top of core
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These estimates were cbtained by multipiying the rcu_ - ts
of Tab.e 1 bty a factor ¢f£ 6- 3 for the unzertainty in tae
emissivity cf the prcbe (.1 = 2 =0.3) and z fcr negl.zan: cf

the temperature distributicn cver the probe and its surrs:uding
dcme, that is, C = 2 in Equaticn 11, Morecver, the purping
system was nct able tc maintain as high a vacuum during the 4.52-
and €.78-MW runs, so that the pressure increased f=cr a neax
constant level cf 35 micrens tec 60 and 80 microns, respectively.
Thus, convecticn losses might well amount to 1.2 and 1.7%,
respectively, during these runs. 7Therefore, cne might acccunt
for total heat losses cf something like I, 3, and 57 at the core
centerline fcr reactcr powers cof 1.89, 4.52, and 5.78 MW,
respectively.

These estimated heat .csses of 1, 3, and 57, at the reactor
centerline were pictted against the temperature diffrerentisls
given in Tabie 7 fcr the powers in question; &nd the resulting
curve, in conjunction with measured AT‘s, was used tc esiimate
heat losses at cther probe pcsiticns during the 1.89-MW aud

6.,78-MW runs. These heat losses were then used “c obtaia the
corrzcted heating rates cf Table 8. 7The uncorrected and corrected
hearting rates cf Table & for a probe positicn of 11.Z in. telow
the top of the core {near the veactcr center_ine' axe piotted
as Curves A and B In Figure 15.

Tt has icng been thcught that the nuciear teating rate in
the in-pile tube cf the AQTR shculd increase lineariy in direct
properticn with the reaccor power. Curve C shows sces™ a cepen-
dence based on data frcm 1Ww—power cperations whzre Teat lcsses
are negligible., Since the unccrrected data of Juzve A are tlo
iow for the higher powers, where heat losses are significant,
it is thought thkatr Curves A and C shculd bracket thz twue rzating
rate in the ASTR. Curve B, fnccrporating correctisn: Scr heat
losses, represents an attempt to see hcw cicse Zurve A can be
made to approach lJurve C if cne assumes heat :csse: tc ke as
iarge as can reascnably te justified from thec*y

Curve B ccmes within abcut 2/ of lurve T, and beiauvze of
the uncertaiaty in eztimating heat lcsses, particularly thz coa-
vective ccmponent, it is quir* pcssible that Curve C gives the
best estimate sf the true heating rate in the wveaccer. While cre
caanct rule out thc "“S:lbi; ty that the heating rate nigh: In-
crease less rZpidly tnan Curve C at higher powers, it
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assumed fcr cconvenience hereafter th-t the centerline heatin
rate in alumirum can be cbtained for any reactor power by wul-
tiplying the power in question by 0.265 watt/g Al-M4, the slope
cf Curve C in Figure 15

Therefore, the centerline data of Table 8 for anmy reactor
power level of P (ir MW) can be written ‘n the cocpact forr

q*/P = 0.265 watt/g Al-M

and wvi.en converced to a dese rate this cdn be ~cmpared directly
with ion-chamber and dosimeter dara obtained at much lower power
levels Mcreover, the corrected data of Table 8, giving

q~(y)/P as a function of probe position y for a reactor power

of 1 89 MW, can be rrultiplied by any other power tc ootair a
profile curve of q*(y) for that power, and these curves can

be compared to strip-chart recordings of ion-chamber data

cbtaired from continucus traverses through the core. These com-
pariscns will serve to reinforce the assurption of a linear pro-
porticnality between heating rates and reactor power for all

core positions, at least for powers below 2 Mé. Henc:, in summary,
ail cf the corrected data of Table 8, as well as data for any
cther reactor power below 10 MW, can esseni*ally be obtained

from Curve A of Figure 16, which is a plot oS q*(y)/P for aluminum.

511.2 In Zarbon

The equivalent heating rates fsr & caruon sample, uncorrected
far heat .osses or differences in neutror .eating, are ohtained
by subsziruting the AT's from T2Lle / into Equation 6, and,
according to Equation 28, these heating rates can be covrected
by multiplying the correc<ed heatiug rates in aluminum from
Table 8 by a constant factor of 1.064. This latter multiplica-
ticn adjustaent is essentially equivalent to cbtaining corrected
results by substituting irio Equation 29. These corrected and
incrrected hecting rates for zarbon are listed in Table 9, and
cne zorrected v2ic per unit reactor powver, q*(y)/?, is plotted
against ccre position as Curve B of Figure 10. The shapes of the
heating curves for carbon (B} and aluminum (A) are the same, of
course, since they differ only by the constant factor above.

The curves connecting the measured points of Figure 16 are

the fourth-order, least-<quares curve fiL. to the data, and co-
efficients for sezond, rd, and fourth-order fits, along with
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Table 9

NUCLEAR HEATING RATES IN CARBON

Reactor | Distance? Heating Rate Heating Rate
Power (in.) (uncorrected - (ccrrected)
(i) (W/gc) |(i/g c-i> | C 'lﬁe.-ﬁ-;'f'liﬂbl )|
0.273 1.3 0.976 0.278 6.C78 0.284
0.455 11.3 c.128 0.281 C.132 C.290
0.909 11.3 C.247 C.272 0.254 C.280
1.89 0.2 C.267 0.141 C.275 C.14€
2.4 0.356 0.188 0.568 0.195
4.6 0.435 0.230 0.450 C.238
7.5 0.496 0.262 0.514 0.272
i1.3 C.514 0.272 0.522 0.282
14.5 0.450 G.258 0.465 0.246
18.+ 0.37¢0 0.196 0.382 0.202
20.5 0.300 0.159 0.310 0.164
22.6 0.220 0.116 0.232 C.123
4.52 i3 1.176 0.260 1.241 0.275
5.78 0.2 0.866 0.128 0.913 C.135
11.3 1.717 9.253 1.846 0.272
6.9 22.6 0.802 C.i16 0.845 0.121

From top of core
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their standard deviations from the measured data, are given in
Appendix B. In Figure 16, one observes a maximum normalized
heating rate in carbon of 0.28 watt/g at a position 10 in.

into the core. It is thought that the measured point at 14.5
in. into the reactor might be somewhat low, as will be discussed
later, and this causes the least-squares curve to dip below the
largest wmeasured point at 11.3 in. Disregarding this doubtful
point, the least-squares curve would reach a peak value of

q:/P = 0.283 watt/g C-MW
at 10.5 in., so that tke maxi=mum heating rate for 10-MW opera-

tion is expected to be 2.83 watt/g C.

5.1.2 Gamma Dose Rate

The dose rates in the ASTR, uncorrected for heat losses
or neutron heacting, are obtained by substituting the temperature
differentials from Table 7 into Equation 7. These dose rates can
be corrected, according to Equation 30, by multiplying the cor-
rected aluminum heating tatﬁs (in watt/g) from Table 8 by a
constant factor of 4.1 x 10, with the results of this multipli-
cation equivalent to a substitution into Equation 31. These
corrected 2nd uncorrected dose rates are listed in Table 10,
and the dose rate per watt of reactor power is plotted against
core position in Figure 17. The corrected and uncorrected dose
rates Jo not differ by too mucn at the higher reactor powers
because heat losses are just about offset hy neutron heating.

The alteration in the profile curve brought about by omit-
ting the questionable 14.5-in. point is ¢ = by the dashed curve
of Figure 17, which amounts to a correcti of no more than 2%
at any position. Here, the corrected dose rate per unit power
reaches a peak of 109.5 R/h-watt, so that a maximum dose rate
of 1.095 x 109 R/h is indicated for full-power ASTR operation of
10 M. The coefficients for the least-squares curves of Figure
17 are listed in Appendix B. A full discussion of possible dis-
tortions in the dose-rate profile of Figure 17 will be reserved
urcil similar data have been presented for contiruous traverses
of the ion chamber. The firal dose-rate profile for the ASTR
will be determined from a comparison of these data.



Table 10

GAMMA DOSE RATIES COMPUTED FROM CALORIMETER DATA

Reactor | Distance® Dose Rate Dose Rate
Power (in.) (uncorrected) (corrected)
(s) (R/h x 107°) [(R/h-W) |(R/h x 10-%) (R/h-W)
0.273 11.3 31.1 113.9 29.9 109.5
0.455 11.3 52.6 115.6 50.8 111.6
0.909 11.3 101.2 111.3 98.0 107.8
1.89 0.2 109.3 57.8 105.8 56.0
2.4 146.0 77.2 141.9 75.1
4.6 178.4 9% .4 173.4 91.7
7.5 203.4 107.6 198.0 104.8
11.3 210.7 111.5 205.0 108.5
14.5 184.3 97.5 179.2 9.8
18.4 151.5 80.1 147.2 77.9
20.5 123.1 65.1 119.3 63.1
22.6 9G.2 47.8 89.4 47.3
4.52 11.3 482.0 106.6 478.1 105.8
6.78 0.2 354.9 52.3 351.8 51.9
11 3 703.7 103.8 711.4 104.9
6.9% 22.6 328.6 47.3 325.6 46.9

®From top of core
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5.1.3 Error Analysis

The variocs sources of error in the calorimeter measure-
ments of nuclear heating rates and the maximm assigned un-
certainties for a nuclear heating rate at the centerline of the
core of about 1.8 watt/g Al, corresponding to a reactor power
of 6.78 MN, are as follows:

Source of Error Uncertainties (+ 2)

Thermocouple accuracy
Distance between T/C's
Area of stem

Thermal conductivity of Al
Position in core
Correction for heat losses
Reactor power

Gamma attenuation

Spatial flux distribution

One standard deviation = V 2612 =+ 4.8%
Two standard deviations (95% confidence level) = < 9.6%

. [} L] [ ]

owyo—u—oow
£U\°°°U\MN°

5
pud o
g
®

The physical dimensions of the calorimeter probe were measured
to the ncarest 0.001 in.; an error of 1 wmil in the critical
dimensions, i.e., the area of the stem and the distance between
the thermocouples, would result in the uncertainties given above.

The thermal conductivity of aluminum used in the calcula-
tions was taken from the NBS recommended curve (Ref. 2) for pure
aluminum and has been arbitrarily assigned the uncertainty of
1.5Z2. The thermal conductivity of the actual piece of aluminum
used for the probe was not independently determined; however, the
probe was of high-purity aluminum and carefully prepared to avoid
defects.

The detector position was indicated on a digital counter
reading to 0.1 in. Since the indicated position &t both the
full-up and full-down stops was very reproduciblie, the error in
position imeasurement should have been less than 0.1 in. Near
the ends of the in-pile tube, where the fiux gradient is greatest,
an error of 0.1 in. in position would result in about 1.67% error
in heating rate. At positions r.ear the center of the tube
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negligible error would result. The flux variation over the
detector volume was small, and since the center of detection was
taken as the center of the bob, the variation in flux should be
effectively averaged.

The reactor power level computed from heat balances over
many operations is considered to be within + 3%, at least for
megawatt power levels. Fcc the calorimeter experiment, power
levels for the 1.89-MW and higher power levels were computed
from the reactor heat-balance measurements. The 0.909-MW and
lower power levels, while set by reactor ion-chamber readings,
were corrected (by 5L) on the basis of the ion-chamber reudings
and the heat balance at 1.89 MW. In other words, the experiment
itself was used to calibrate the reactor ion chambers by the
heat-balance method.

Accuracy of the thermocouples was determined largely by
the conversion of ocutput voltage to temperature and by the
error in thermocouple output. The latter, which depends omly
on the temperature differential between the pair of thermo-
couples, was about 0.5% at the highest heating rate and decreased
at the lower heating rates (see Fig. 8). The thermocouple
output was read with an L & N type K-4 potentiometer to the
nearest 0.1 uv (five significant figures). Of course, the
lower the heating rate, the smaller the temperature differen-
tial to be determined. At the lowest heating rate cmployed, the
difference in output between the thermocouples was 0.1940 mV.

As the reactor power level is decreased below a megawatt
the uncertainty in the thermocougle accuracv will increase by
only a few percent, thanks to the pvdestal design of the calori-
meter which gives relatively large temperature differentials
for low heating rates. This loss of thermocouple accuracy
along with a slightly increased uncertainty in reactor power
at lower levels will just about be offset by a reduction of heat
losses, so that the combined uncertainty above is not expected
to change by very much over the whole range of heating rates.
For a given power level, the uncertainty in heating rate measure-
ments will increase somewhat for positions near the bottom of the
reactor core because of gamma ray attenuation through the base
of the calorimeter. At the full-down position, the combined
uncertainty for a 6.78-MW operation might reach 12% at the 95%
confidence level,
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5.2 Ion Chamber

5.2.1 Gamma Dose Rate

The ion-chamber data were obtained mostly by continuous
traverses of the detector through the core while recording the
output of the picoammeter on a strip-chart recorder running at
1l in./sec. Several traverses cf the core, from top to bottom
and bottom to top, where made at each reactor power level. In
addition, at each power level the detector was stopped 1l in.
above the core center, the approximate location of the peak gamma
dose rate, and a reading was obtained for a sufficient length of
time to ensure a steady reactor power and to eliminate effects
of lag in the chamber readout due to the relatively rapid rate
of traverse; this procedure was used by approaching the center
position from both the top and bottom of the core. Table 11
gives the dose rates, in R/h-W, measured with the chamber stationary
at the full-up position (0.4 in. cutside the core), 1 in. above
the center of the core, and at the full-down position (2.1 in.
from the bottom of the core). The data in Table 11 are corrected
by 2.5% for neutron contributions to the dose rate (Sec. 2.2.2).

Examinatior of the data from the continuous scans revealed
that the lag in readout introduced a shift of about 0.5 in. in
the apparent position of the detector; this was corrected for
in the following manner. Ion-chamber current output was tabu-
lated from the charts for l-in. increments for each of the
power levels except 0.455 and 1.65 kW; tabulations were made
for both top-to-bottom traverses and bottom-to-top traverses.
The current readings were then converted to dose rate in R/h-W
and averaged (see Appendix C).

The averaged data were then curve-fitted to a fouith-degree
equation by use of a computer, and the coefficients cf each term
for the top-to-bottom and bottom-to-top traverses were averaged
to obtain the equation for the gammra dose rate as & function of
position in the core (see Appendix B). Finally, this fourth-
degree equation was used tc compute the dose rate as a function
of position; the results appear in Figure 13. (Note that the
average ion-chamber curve of Figure 18 does not include the
0.455and 1.65-kW data.)

The gamma dose rate corrected for a 2.5% neutron centribu-
tion to the ion-chamber response is shown as the solid curve cf



Table 11

GAMMA DOSE RATES MEASURED WITH ION CHAMBER®

Power Dose Rate (R/h-W _
(kW) Full Up Maxioum Full Down
0 729® 1980° 842°
0.455 53.5° 113.1€ 61.0%
1.65 50.8° 112.0° 58.4€
16.5 50.0 108.9 56.0
33 51.7 108.8 57.7
91.1 52.7 & 109.2 58.5
122 51.5 | 110.5 58.7
165 49.7 107.4 56.3
Avg 51.4 110.2 58.1

8corrected for neutron contribution
br/h
CCorrected for background
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Figure 18, and the data points for the calorimeter (Table 10)
are plotted on this figure for comparison. The ion-chamber
curve is observed to duplicate the dashed curve fit of Figure 17
for the calorimeter (which does not include the 14.5-in. point)
almost exactly out to 16 in. The fit to the calorimeter data
beyond this point is shown as the dashed curve of Figure 18.
Thus, agreement is obtained between independent calorimeter

and ion-chamber measurements, with a slight increasing dis-
crepancy being found toward the full-down position.

As the calorimeter probe is traversed toward the bottom of
the core, more and more of the gammas musc penetrate the extra
thickness of the water-cooled base before striking the probe.

A rough estimate of the gamma rays attenuated by the base in

the worst case (full-down position) indicates that the effective
gamma flux would be reduced by about 57%. Hence, one should expect
the calorimeter dose rates at the full-down position to be roughly
5% lower than the ion-chamber rates because of gamma attenuation
in the base.

Now, with reasonable adjustm=nts for position, all but twoc
of the calorimeter dat2 points of Figure 18 will fall on the
ion-chamber curve. The low points ac: calorimeter positions of
14.5 and 22.6 in. were the first two measurements ftaken after
the 1.89-MW power level was attained, and by comparing the dose
rates at common positions for 1.89 MW and for 6.78 MW (Table 10),
one obtains ratios of 1.08 and 1.01 fur the full-up and full-
down positions, vespectively. If the reactor power level had
not yet stabilized at 1.89 MW in the full-down ratio above, as
might be indicated, and if one assumes that this ratio should
have the 1.08 value of the full-up position, then the dose rate
per unit reactor power at 22.6 should be raised to 50.6 R/h-W.
This, then, will give a corrected full-down dose rate which is
5.5% below tae ion-chamber reading, in agreement with the attenua-
tion estimate. Applvinec this same correction to the 14.5-in.
value yields a dose rate per unit power of 101.4 R/h-W, which
agrees very well with the ion-chamber value of Figure 18.

in summwary, the excellent agreement between the celorimeter
and ion-chanber measurements for positions above the reactor
centerline lends considerably more confidence to the ion-chamber
results, which depend on a calibration ir a known radiation field,
but, once independently and identically calibrated in two different
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ways, the continuous ion-chamber measurements are more accurate
for defining the dose-rate profile through the reactor core.

Thus, the first two calorimeter measurements at 14.5 and 22.6 in.
are believed to be low by about 5.5%, due perhaps to a slow
stabilization of reactor power at 1.89 MW, and this seems to be
verified by a comparison with calourimeter data at ~7 MW. Once
these rorrections are made, the last three calorimeter measure-
ments toward the bottom of the reactor can be brought into line
with the ion-chamber curve of Figure 18 by attenuation corrections
with position of from 2 to 67.

The final dcse-rate profile from combined calorimeter »nd
ion-chamber results will then be considered to be given by the
solid curve of Figure 18, arnd the less accurate dosimeter r=2sults
to be presented in Section 5.3 will be shown to be in substan-
tial agreement with this curve.

5.2.2 Gamma Background

Before initiating reactor operation fer the dose-rate
mapping, measurements of the core background level were ob-
tained. Several continuous traverses were made ia order to
ensure reproducibility of results. A step-wise scan, in which
the chamber was stopped every inch or so, was also made; the
results of this traverse are presented in Figure 19.

The reactor core was relatively 'cold" at the time (May 25)
the background measurements were made, the total history con-
sisting of less than 100 MW-h of operation. The most recent
operation had been on the two previous days, May 23 and 24 (foil
and dosimeter mapping), and consisted of only 5.5 kW h. The
reactor had not been operated for several months prior to the
mapping experiments.

5.2.3 After-Shutdown Dose Rate

Upon completion of the dcse-rate measurements at 165 KW,
the ion chamber was po itioned 1.5 in. above the core center.
The reactor was then snat down by manual scram, and the dose rate
was rccorded as a function of time. The results of this measure-
ment appear in Figure 20.
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5.2.4 Error Analysis

The potential errors in the ion-chamber measurements and
the assigned maximum percent uncertainties are as follows:

Source of Error Uncertainties (+7)
Calibration:
Dose Rate 3
Currert Negligiole
Experimevic:
Linearity 1
Current 2
Temperature response Negligible
Neutron response 1
Position 1
Power level 4

One standard deviation -‘\/}:"f - 1 5.66%
Two standard deviations (951 confidence level) = + 11.32

The dose vate in the cobal:-A0 irradiator is based on
several independent celibrations, one of which is a comparison
with an NBS standard. The error in current measurement while
making the ion-char.per calibration is considered negligible

because it is an average of readings taken over a three-day
period.

The linearity of the type of ion chamber used in tkis
experiment has been previously inv:stigated by an indirect
lmethod vhich involved determining the voltage at which ion
collection decreased below 997 and at which multiplication in-
creased no more than 1Z. The results indicated chamber ) nearity
to dose rates well above those encountered in this experiment.

The 22 uncertainty assigned the current seasurcaent is for
th2 picoammeter with :1ecorder readout and includes the linearity
over a range from 10-10 to 10-5 amp.

The temperature response of the iuui chamber is rougniy

0.1% per °F; however, the response time is a matter of hours.
The calibration temperature in the irradiator was approximately
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90°F, and the temperature range in the reactor experiment was
from about 8C° to 100°F. Because of the small temperature range
and the shcre time required to obtaia the data, no significant
error should be introduced by this factor.

The neutron response of the ion chamber constitutes a com-
puted correction of 2.5%, wvhich has been assigned an uncertairty
of 11.

The position of the ion chamber was indicated to the nearest
0.1 ia. As discus-ed in Sectio. 5.1.3, *his wouid result in an
error in dose rate of .61 near the extremities of the reactor
core, but small error near the center of the core. The posi-
tion of the ion chamber was taken to be the center of detection
20 that the spatial variation of the field would tend to be
averaged.

At the reactor power levels used in che ion-chamber mapping,
teaperature rises were too small to obtain accurate heat
balances. Power levels were therefore set by ion chambers
calibrated in a separate 3-MW reactor operation.

5.3 Gamma Dosimeters
5.3.1 Cobalt Glass

The gamma dose in the i--pile tube was neasured with
cobalt-zlass dosimeters in three separate irradiations. The
resuits are tabulated in Table 12 along with gamma dose rates
based on a reactor power level of 1.65 kW for a 30-min irra-
diation. No correction for core background has been applied to
these data.

Figure 21 shows the average of all the measurements at
eacn position plotted on the ion-chamber curve of Figure 18.
vwhile thexe is some -:-atter in the data pcints, the general
agreeme: #ith the ion-chamber dose rates is apparent.

The dose rates with the perturbation fixture in the core
(Run 6) are not appreciably different from those without the
fixture. The scatter in the three measurements at each of the
distances of 9.5, 14.5, and 19.5 in. is due at least in part
to the normal variation encountered in multiple exposure of
cobalt glass.
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Table 12

GAMMA DOSE AND DOSE RATE FROM COBALT-GLASS DOSIMETERS

fosition Di.staace‘ Run Mo. Doge Dose Rate
(in.) (10°R) (R/h-W)
1A 24.5 4 4.0 49
JA 19.5 4 6.2 75
SA 14.5 4 8.9 108
7A 9.5 4 8.8 107
SA 4.5 4 1.4 90
11A -0.5 4 4.1 S0
1A 24.5 S 3.6 44
3A 19.5 5 6.7 81
6A 12.0 S 8.6 104
QA 4.5 5 7.7 93
11A -0.5 b 4.1 S0
3A 19.5 6 4.7 57
3B 19.5 6 6.2 715
3D 19.5 6 6.7 81
SA 14.5 6 8.2 99
SB 14.5 6 8.7 105
SO 14.5 6 8.9 108
7A 9.5 6 8.6 104
78 9.5 6 9.6 116
)] 9.5 6 9.4 114

a)‘ro- top of core
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5.3.2 Thermoluminescent Dosimeters

Thermoluminescent dosimeters were irruadiated at 45.5 W,
455 W, 1.65 kW, and 1.65 kW with the perturbation fixture
(Runs 2, 3, 4, and 6). An exposure was also made at zero power
in order to obtain the core backgr-und level for use in correcting
the data obtained at the lowest power levels.

Table 13 and Figure 22 present a summary of the data as
received from AGC. While the dose rates n2ar the center of the
in-pile tube are somewhat higher than those presented earlier,
the general agreement in profile is apparent. Complete details
of this and additional data will be reported by AGC (Ref. 11).

5.4 Neutron-Detectinz Foils

5.4.1 Fast-Neutron Flux

The neutron flux above an energy of 2.9 MeV was measured
with sulfur pellets during Runs 3, 4, 5, and 6, and the flux
above 8.1 MeV was measured with alumjnum foils in Puns 4, S,
and 6. The mea:u'ed fluxes, in n/cm“-sec-W, are tabulaced in
Table 14; Figure 23 is a plot of the sulfur-pellet data from
Run 4. The average sulfur-to-aluminum ratio is 33.9.

The sulfur-pellet data show the flux to be quite uniform
across the tube except in the direction toward tue center of
the reactor core (Stringer D). Also, the effect of the peviur-
bation fixture appeared to be to incicase somewbat the flux
measured wit.. the sulfur. For all prac:iical purposes, however,
the difference is inconsequcntial.

5.4.2 Thermal-Neutron Flux

The thermal-neutron flux (E <0.48 eV) was measured with
copper foils in Runs 3, 4, and 6. Bare and cadmium shielded
foils were placed a: alternate positions (2.5 in. apart) alorg
the center of the tube (Stringer A) and aiso on the perturbation
fixture at positions approximately equivalent to Srtringers A, B,
and D. Table 15 gives the saturated &ctivities, in disintegr~-
tions per minute-gram-watt; the averages of these Jata for each
positicn are plotted in Figure 24. From the plots of bare-foil
saturated activity and cadmfum-covered-foil saturated uctivity,
the cadmium-difference activity (bare-foil saturated activiry
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minus cadmium-covered-foil saturated activity) is obtained as a
function of position. This cadmium-difference activity converts
directly to thermal-neutron flux, which is also plotted in
Figure 24.

Figure 25 presents a profile of thermal-neutron flux as
determined by AGC from thermoluminescent dosimeters. This
technique involves the use of pairs of Josimeters, one enriched
in lithium-7 and the other enriched in lithium-6; the former
have a low sensitivity to neutrons while the latter have a high
sensitivity to thermal neutrons. Both dosimeters have approxi-
mately the same sensitivity to gamms rays, so the lithium-7
dosimeter response is used tec correct for the gamma portion of
the response in the lithium-¢&, thereby giving that portion of
response due only to thermal neutrons. A suitable calibration
in a known thermal-neutron flux permits a direct conversion of
dosimeter response to neutron f£luence. A comparison of Figures
24 and 25 shows very close agreemert of results by the two
methods of measurement.

5.4.3 Neutron Spectrum

Tvo sets of spectral detectors {Table 4) were exposed in
Run 5 for the purpose orf obtaining an approximate neutron spec-
trum for the in-pile tube. The foil-method for specification
of neutron spectra is detailed in Reference 12; the procedures
and results are outlined in the fcllowing sections.

The neutron spectrum given in Figare ?6 for the ASTR in-
f ‘e tube is believed to represent a fairly good first-order
arvproximation to the true spectrum. It is emrhasized that,
because of the nominal amount of data cobtained, the energy
range below abour. 1 MeV is the most uncertain. Nevertheless,
the given spectrum agrees with cxpectations in that the rela-
tive tnermal-to-fast component is less than that ir an extremely
asodecated region, e.g.. water reflector, and the epithermal
compor.ent has not achieved the 1/E distributicn in modera on.

5.4.3.1 Thernmal-Neutron Spectrum

The thermal spectrum includes that portion of the neutrons
that are in equilibrium with the surrounding wedium. The true
differential chermal flux fy(t) is defined adequately in the
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neutron energy rangze 0<E=5.6 Eg by the Maxwelliaa distribution
function

Ey(E} = ny (8/ rmEQH)® E e E/EO (35)

where my is the total density of thierm2l neutrons and Eg = kTg
is the kinetic emergy of the neutrors at the temperature Tg °K
of the distribution.

The true thermal (integrated) flux Fy .s given by

e = [ e (36)
o

The "conventional” therwmal flux (2200m/sec flux) is related to
Fie b
M Yy

8y = Fy ( 7T /4T)* (37)

vhere T, = 293.6°K.

The above relations were used to derive the therma! flux
distribution of Figure 26, which is normalized so that the average
integral neutron flux obtained from foil -ea.gure-ents at 6.5 in.
above and below core centerline is 5.15 x n/cm2-sec-W.

5.4.3.2 Epithermal-Neutron Spectrum

The epithermal flux inclues all neutrons above thermal
energies and is defined in the energy interval 5.6 EgSE <1073 Mev
as the resonance flux. In thermalizing unperturbed media the
resonance component commonly follows a 1/E distribution, and is
defined in terms 5f a constant and the irue thermal fiux by the
relation

f,(E) = BFyE = F,./E (38)

P

where B is the erithermal flux per unit interval of InE per
unit true thermal flux.
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In terms of "measurable'" quantities,

Fb.f-. -~ KO®/{(CR-1)(1 + a; (39)

vhere K = ¥(Ec/Ez200) = 2.18 for a Maxwellian distribution at
a given temperature, (R is the cadmium ratio, and a is the
ratic of the resonance to 1/V components of the epithermal cross
sections of the particular foil used.

For a temperature of 303°K (reasonably close to the ASTR
in-pile tube cordicions) and E¢c = 0.48 eV (for 20-mil cadmium-
covered foils),

B = 1.90/(CR-1}(1 + a) (40)

Values of 3 were deterained from the average cadmium ratios
of indium, gold, copper, ard phusphorous reactions in the
spectral packets. The results are given in Table 16 along with
the cadmium ratios and a values.

Table 16

RESONANCE -NEUTRON SPECTRAL FUNCTIONS

Main
Detector Resonance Thin-Foil a 178
Energy Cd Ratio
(evV)
Indium 1.46 5.7 + 10% 20.1 52.2
Gold 4.91 2.36 + 2% 36.2 26.6
Coppe. 580 14.1 + 5% 1.62 18.1
Phosphc—s | 1.58(10) 25.0 + 9% 0.11 14.0
|
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For a true 1/E spec*rum, tne values of 1/3 should be
equal and independent of the detector. Since the values obtained
indicate that F is not constant but increases with increas-
ing erergy, a fied resonance spectrum was constructed from
the different values of Fg,r obtained for the four reactions.

5.4.3.3 Fast-Neutron Spectrum

The measurement of the £3st-flux spectrum by foil activation
employs the use of rhreshold reactions: (n,p), (n,a), and (n,n').
An effective threshold energy Eeff is defined such that

o 20

-~

r
o5 |  E(E)E = o  Fege = | oi®) £(E)E (51)
Eeff Er

where o; is the saturation value of the cross section (maximum
mean value); £(E), the differential neutron flux; Fe¢g, the
total fast flux above Egff; 0(E), the cross section for the
particular reaction at an energy E; and Er, the true threshold

eaergy.

For each of the three threshold reactions used, viz.,
IrilS(n,n'), s32(n,p), A127(n,a), a fast-flux component above
the nominal effective threshold energies of 0.85, 2.9, and
8.1 MeV, respectively, is defined. For a GTR-type spectrum
(Refs. 8 or 12), the ratios of the fast flux components are
known and the differential flux is defined. For other than GTR-
type spectra, use is made of the defining equation of threshold
energy and integral flux measurements to generate the true
modified spectrum.

Fortunately, the flux ratios obtained for the ASTR in-pile
tube test locations verified the existence of the GTR-type
spectrum in the fast region and no further iteration was re-
quired.
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APPENDIX A

CALORIMETER MEASUREMENTS OF NUCLEAR
JEATING RATES

A-1 Steady-State Theory

Assuming that heat is produced uniformly throughout the
szall probe at & rate of 3 cal/cm?-sec, one can write the steady-
state temperature eluation for one-dimensional heat flow along
the stem of the probe as

a2t . _ q (A-1)
dx k

vhere k is the thermal conductivity. The boundary conditions,
as stated in Section 2.1.1, are

T(I) = Tl. at x = ¢

T(x, - T acx=1L1 (A-2)
v' dT

TN .
A Kx.o

The general solution to Equation A-1l is given by

2
T(x) = % +Ax + B (A-3)

where the constants of integration, A and B, can be specified
from the first two boundary conditioms:

B = Tl
- (A-4)
A = TZ_L—TL + g&

Therefore, Equation A-3, giving the steady-state temperature at
any point x between the thermocouples on the stem of the probe
(Fig. 1), beccames
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2 Ty - T
> = ﬂx— —g_—l SL -

Hence, the rate of change of temperature along the stem cf
the probe at the point x, in a direction perpendicular to the
cross-sectioral area A, is given by

aT(x) . 9x , 12-T1 , gL (A-6)
dx k L 2k

and, according to the last boundary condition, the rate of change
of temperature into volume V is

fdr] . qu° = T2-T1 . gqL (a-7)
| & , T 2k
x-

so that

(a-8)

(2v’ +u.\_ Ty -7
2A | L

rig

Thus, the relationship between the heating rate in the probe and
the temperature difference between the thermocouples on its stem
is

2kA ___AT
L 2V’ +V #-9)

q =

where V = LA is the volume cf that part of the cylindrical stem
of length L and cross-sectional area A that lies between the thermo-
couples.

A-2 Transient Tt Hry

The heat-rate input of q calories per unit volume to the
large bob of the probe (Fig. 1) is divided into two components:
(1) that which is stored and serves to raise the temperaturc ct
the bob, and (2} that which is conducted away through the stem

G2



of the probe. The rate of heat storage per unit volume in the
bob of the probe when its temperature increases by dT in a time
interval of dt is given by

dT . dT™ cal
= ar—— = - —— 0
q(gain) pCp 0.3463 I-sec (A-10)

where C_ = 0.1278 cal/g-°F is the specific _heat of the aluminum
probe, ghich has a density of p= 2.71 g/cm3.

At the same time that this heat is being stored, the other
part of the heat input to volume V' is being conducted away
through the stem at a rate per urit volume of

q(conducted) = —X& AT = 1,222 AT x 10°2 __¢cal (A-11)
Lv' cm?-sec

where AT is the temperature differential in °F across the stem
at time t. Therefore, the heat-balance equation for the case
where heat is generated uniformly throughout volume V' of the
probe at a rate of q cal/cm3-sec is given by

q = q(gain) + q(concucted)
dT
= 0.3463 5;-+ 0.0122 AT (A-12)

Now, a= it stands, Equation A-12 does not account for heat genera-
tion in the stem cf the probe, but its solution will give a guod
approximation as to how AT increases with time for various uni-
form gamma heating rates throughout the probe.

Rearranging Equation A-12 and integrating the temperature
differential berween thermocouples on the stem of the probe from
an initial value of AT; at t = 0 up to a final value of AT¢ at
time t gives

AT,
- 0.01
t = 0.3463 [ d( AT) - 8.3 go |9 22 AT,
Yty g - 0.0122 AT q - 0.0122 aT;

or
q - 0.0122 AT

3 - 0.0122 ATy

exp (~-t/28.24) =
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so that

-c/zs.34J

(T = 81.83 [;q - (q-0.0122 ary) e (A-13)

Now as t becomes infinitely iarge, one obtains the steady-
state condition AT¢ = 81.832, which is independent of AT,,
so that if no heat were generzied 1. stem volume V between the
thermocouples one should find

& I’
S =gy - 1222 arp x 1072 caifen’-sec (A-14)

as oppoced to 0.01146 AT¢ from Equation 4 (Sec. 2.1.1). If ome
as-umes that quasi steady-state conditions are reached when t
becomes large enough for the exp(-t/28.34) term irn Equation A-123
to be equal to 0.01, then the time required to reach 997 of the
steady-state tempe.ature when no heat is gereraced in the stem
would be given by

t = -28.34 #n(0.01) = 131 sec = 2.2 min (A-15)

Symbolically, the steady-state solutio- of Equation A-14
can be written as

kA __f (A-16)

17 v

Comparing this to Equation 3, one sees in Figure A-1 that
probe Pj, in which heat is generated at a constant raie q in
both the bob and the stem, can be replaced by probe P,, in
which no heat is generated, and ATg will be unchanged for
the same heating rate if the volume of the bob Vé is replaced
by Vi + V1/2.
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//,q cal/cm3-sec q cal/cm3-s:c

7" 777 ——<AT = - —— AT -
/ q ? /(Z///// _ﬂ

-——--Vl R A T Wz’ 2°V] + Vi/pre——— Vi———

e R A

PROBE P, ' PROBE P2

Figure A-l1 Ejuivalent Heat Probes at
Steady State

Physically, the equivalence of these probes can be made
plausible by observing that heat generated uniformly in the
stem of Probe 1 will, on the average, be conducted away over
a stem ¢f length L/2. Therefore, the entire rate of heat input
to the stem, qVy, can be considered to be concentrated at its
center. Hence, if the average path length for heat conduction
is doubled in order to refer AT back to a standard stem of
length L, then the total rate of heat input must be halved to
maintain the same value for the product of the heat input and
its path of flow. This balancing procedure, whicu requires
shifting half of the heat sources concentrated at the center
of the stem back into the large bob of the probe and ciscard-
ing the other half, is accomplished by adding a volume of V;/2
to ihe bob of Probe 1 and ignoring heat generation in its
stem, thexreby producing Probe 2.

Now by reoroducing the previous solution for Probe 2, where
no heat is gencrated in the stem, one obtains the solution for
uniform heat generation throughout Probe 1 by replacing Vé
with V' + v'/2. ~here the subscripts of Probe 1 are dropped to
make it agree with the notation in the main text. Hence,
Equation A-12 becomes

q = 0.3463g%+ 0.01146 AT (A-17)

and Equation A-13 becomes
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AT = 87.32 [ q - (g - 0.01146 ATy) e't/3°-22] (A-18)

Thus, as t-+o00, one now obtains a steady-state solution
of ATg = 87.32q, cr

q = 1.146 ATf x 1072 cal/cm3-sec (A-19)

in agreement with Equation 4 of the text. If a quasi steady-
state condition is again assumed to be reached when t of
Equation A-18 becomes sufficiently large that

e-t/30.22 . 45 ;1 (A-20)

then 99% of the equilibrium temperature for the case where the
entire probe is being heated at a uniform rate will be attained
in a time of

t = -30.22 fn (0.01) = 139 sec = 2.3 min (A-21)
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APPENDIX B

LEAST-SQUARES CURVE FITS TO DATA

B-1 Calorimeter

The profile curves for heating rates and dose rates through
the core of the ASTR were obtain=d from least-squares urve fits
to the measured data, and coefficients were obtained for repre-
senting these curves as

q*(y)/P = aayd + a3y3 + a2y2 + &V + a,

where y is the distance into the reactor cove.

The coefficients for the second-, thirdi-, and fourth-order
curve fits to the various data are listed in Table B-1, along
with the standard devistions of the measured and computed values.
The second and third sets of coefficieuts can be cbtained by
multiplying the first ones by constant factors of 1.064 aad 410.04,
respectively. The final set of coefficients gives the dose -rate
curve without the data point at y = 14.5 in., and this curve can
be converted back ints heating rates in aluminum an:: carbon by
means ot the constants above.

B-2 Yon Chamber

The equation for the snlid curve in Figure 18, giving the
dose rate per u.it reactor power as a function of position y
into the ASTR core, is

g3/ = 5.9275 x 107%% -1.8209 x 1072y - 0.3356 y2

+ 10.0224 y + 54.4753

This equation can be evaluated to give the results in Table B-2.
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Table B-2

DOSE RATES THROUGH THE ASTR CORE

y 1g/P y q3/P lf y qg/P
0.5 59.490 8.5 107.33 16.5 90.61
1.0 64.14 9.0 108.11 17.0 87.90
$.5 68.70 9.5 108.61 17.5 85.08
2.9 73.04 10.0 108.85 18.0 82.16
2.5 77.17 10.5 108.83 18.5 79.16
3.0 81.08 11.0 108.55 19.0 76.09
3.5 84.75 11.5 108.02 19.5 72.98
4.0 88.18 12.0 107.24 20.0 69.84
4.3 91.356 12.5 106.22 20.5 66.70
5.0 94.29 13.0 104.97 1.0 63.58
5.5 96.96 13.5 103.50 21.5 60.50
6.0 29.36 14.0 101.81 22.0 57.49
6.5 101.50 14.5 99.92 22.5 54.57
7.G 103.36 15.0 97.85 23.0 51.77
7.5 104.9€ 15.5 95.59 23.5 49.11
8.0 106.28 16.0 93.17 24.0 46.63

101







APPENDIX C

ION-CHAMBER DATA
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APPENDIX C
ION-CHAMBER DATA

Tables C-1 and C-2 contain the ion-chamber data used
to construct the dose-rate profile through the in-pile tube.
Since the rapid rate of traverse introduced an apparent
shift of detector position of about 0.5 in., the traverses
in opposite directions were treatea separately in fitting
coefficients to fourth-degree equations; these coefficients
were then averaged to give the coefficients used to generate
the curve of Figure 18. Appendix B contains the equation

generated from these data.
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Table C-1

GAMMA DOSE RATES MEASURED WITH THE ION CHAMBER,
TOP-TO-BOTTOM TRAVERSES

Distance® Dose Rate (R/h-W)

16.5 kW 33 W 91.1 kW 122 kW Average

-0.4 51.1 53.0 54.7 53.2 53.0
0.4 58.2 57.7 60.3 59.8 59.0
1.4 67.8 65.4 69.6 69.7 68.1
2.4 77.7 75.1 78.7 77.9 77.3
3.4 85.7 83.3 86.7 85.7 85.3
4.4 92.2 90.4 93.4 92.2 92.0
5.4 97.9 96.1 98.7 98.0 97.7
6.4 102.5 100.5 103.0 102.8 102.2
7.4 105.9 104.3 106.7 106.6 105.7
8.4 108.2 107.1 109.4 108.8 108.7
9.4 109.7 108.7 110.7 110.7 110.0
10.4 110.5 109.6 111.0 111.6 110.7
1.4 110.2 109.8 111.0 111.3 110.6
12.4 108.5 109.4 110.5 110.6 109.8
13.4 106.6 107.6 108.3 108.1 107.7
14.4 103.1 105.1 105.1 104.9 104.5
15.4 99.1 101.4 99.8 101.6 100.5
16.4 94.2 96.1 95.0 96.2 95.4
17.4 88.7 90.6 90.2 90.2 89.9
18.4 82.2 83.9 84.1 84.0 83.5
19.4 75.4 77.3 76.8 72.7 76.8
20.4 68.4 71.1 70.4 69.9 70.0
21.4 61.1 63.6 63.5 63.1 62.8
21.9 58.2 59.4 61.1 61.3 60.6

-
“From top of core
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Table C-2

GAMMA DOSE RATES MEASURE.; WITH THE
ION CHAMBER, BOTTOM-TO-7OP TRAVERSES

Distance® Dose Rate (R/h-W)
(in.) 16.5 kW | 33 kW |91.1 kW| 122 kWw| 165 kW | Average
-0.4 51.8 51.7 54.2 53.2 51.3 52.4
0.4 58.9 60.8 60.7 60.7 56.7 59.6
1.4 68.9 69.8 70.8 70.1 65.7 69.1
2.4 78.1 80.4 80.2 79.7 75.1 78.7
3.4 86.2 88.4 88.8 88.6 84.2 87.2
4.4 9.4 95.4 95.7 97.4 92.1 35.0
5.4 100.1 101.8 | 103.2 | 103.0 98.5 101.3
6.4 105.0 106.7 | 107.7 | 107.5 | 103.8 106.0
7.4 108.2 110.0 | 111.1 | 109.9 | 107.5 109.3
8.4 110.9 111.8 | 113.3 | 113.0 | 110.2 111.8
9.4 111.2 112.2 | 114.4 | 113.5 | 110.5 112.4
10.4 110.5 111.3 | 112.2 | 113.0 | 110.5 111.5
11.4 109.0 109.8 | 112.2 | 111.2 | 109.4 110.3
12.4 106.5 107.1 | 110.0 | 108.8 | 107.5 108.0
13.4 103.8 103.8 | 108.0 | 106.0 | 104.5 105.2
14.4 100.1 99.0 | 104.3 } 104.2 | 101.0 101.7
15.4 96.0 94.3 98.9 98.0 97.2 96.9
16.4 90.5 89.7 9.1 92.6 92.5 91.9
17.4 86.C 84.4 85.2 87.6 86.3 86.5
18.4 80.1 78.4 82.3 82.1 79.2 80.4
19.4 73.6 72.9 76.2 75.7 73.6 76.4
20.4 67.0 67.4 69.5 68.7 67.0 67.9
21.4 61.9 62.1 62.8 62.1 60.1 61.8
21.9 58.2 59.2 61.5 59.9 57.6 59.3

2From top of core
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